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ABSTRACT
Even though continuous improvements have been seen in the analysis of flexible pavements,
one of the most important factors is still oversimplified: the tire. This can result in costly
decisions, such as poor structural road design, incorrect damage prediction, and inappro-
priate adoption of maintenance/rehabilitation techniques. Moreover, accurate analysis of
the tire-pavement system improves predictions of rolling resistance, fuel consumption, and
greenhouse gas emissions.
The main contribution of this research lies in the evaluation of tire and pavement as
a semi-coupled system, assuming both are deformable bodies, while focusing on contact
stresses, rolling resistance, and pavement responses. In addition to load and tire inflation
pressure, temperature, speed, and rolling conditions were considered. A series of necessary
advancements in the tire model, such as appropriate material characterization (hyperelastic
and visco-hyperelastic), accurate geometry, and model validation using experimental mea-
surements, were implemented.
The experimental program provided information for validation (contact area, tire deflec-
tion, and contact stresses/loads). In addition, based on the experimental measurements, a
procedure including analytical expression was proposed to predict the variation of the ver-
tical and transverse contact loads along the contact length. Four tire finite element (FE)
models having accurate geometry and material characterization were developed to predict
contact stresses and rolling resistance force. First, a hyperelastic tire was used on a rigid
surface to predict contact stresses under various rolling and loading conditions. Second, the
influence of tire speed and temperature was investigated using a visco-hyperelastic tire rolling
on rigid surface. Third, hyperelastic tire on deformable elastic body was used to assess the
sensitivity of the contact stresses to the body’s stiffness. Fourth, the relevance of surface
temperature and tire speed was determined using a hyperelastic tire on a deformable vis-
coelastic body. Finally, the deformable tire and pavement model were integrated to evaluate
critical pavement responses, rolling resistance force, and structure-induced rolling resistance.
Vertical and transverse contact loads for all conditions and longitudinal contact stresses at
full braking were successfully fitted to analytical expressions, thus easing their potential ap-
ii
plication in pavement analysis. Based on the hyperelastic tire FE results, the vertical contact
stresses were unaffected by traveling speed and rolling condition, and the rolling condition
mainly modified the longitudinal contact stresses. After altering the rubber components
material model to visco-hyperelastic, the contact area increased 6.8% due to temperature
and decreased 3.8% due to speed. In addition, longitudinal contact stresses were the most
affected by temperature and speed: increments in peak value caused by speed were as high
as 17%, and the reduction caused by temperature reached 33.1%. On the other hand, tem-
perature and load were the most relevant variables affecting rolling resistance force, and a
relatively small effect of tire inflation pressure and speed was observed. Furthermore, an
existing ASTM equation for calculating rolling resistance was modified to include the effect
of temperature.
When simplifying the pavement structure as an elastically supported linear elastic de-
formable body, the pavement’s elastic modulus affected the longitudinal contact stresses the
most. Even though pavement flexibility did not affect the total internal energy of the hypere-
lastic tire, it modified the value in each tire component up to 5.3%. Finally, the semi-coupled
tire-pavement model showed that the rolling resistance force for thin pavements was higher
than for thick pavement. In general, the higher the viscous behavior of pavement, the higher
the rolling resistance. The critical pavement responses most affected were the vertical strain
and vertical shear strain in the asphalt concrete layer, mainly caused by an increment of the
transverse contact stresses.
iii
To my parents, Olga and Alberto.
iv
ACKNOWLEDGMENTS
First and foremost, I would like to express my deepest gratitude to Professor Imad Al-Qadi
for being a prime example of hard work and high ethical and professional standards. He
always had the right advice for me at the professional and personal levels.
I also want to thank the members of my doctoral committee: Professors Dallas Little, Arif
Masud, Marshall Thompson, Dr. Hasan Ozer, and Dr. Robert Radulescu. Particularly, I
would like to thank Dr. Hasan Ozer for being selfless and generous with his knowledge and
time, and for the countless discussions we had.
I deeply thank my family, mainly my parents who have always provided me with support,
love, and understanding, no matter the circumstances. Thanks are also due to all my friends
from high school, undergraduate studies in my native Colombia, and graduate school in the
United State; I learned something good from all of you. Specially, I would like to thank
Angeli Gamez not only for being the best teammate anybody can ever have, but also for
being such a great friend.
Finally, this work was supported by the Federal Highway Administration and Miche-
lin Americas Research Company through the projects DTFH61-11-C-00025 ‘The Impact
of Wide-Base Tires on Pavement – A National Study’ and P6931A ‘Influence of Tire Pa-
rameters on Roadway Structures’, respectively. The input by Eric Weaver of FHWA and
Dr. Robert Radulescu of Michelin was important for this study and is acknowledged. This
dissertation used the Extreme Science and Engineering Discovery Environment (XSEDE),
which is supported by National Science Foundation grant number ACI-1053575.
v
TABLE OF CONTENTS
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
CHAPTER 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Objectives and Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Research Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.5 Dissertation Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
CHAPTER 2 IMPACT OF TIRE LOADING AND TIRE PRESSURE ON
MEASURED 3-D CONTACT STRESSES . . . . . . . . . . . . . . . . . . . . . . 6
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Experimental Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Three-Dimensional Contact Stresses Data Processing . . . . . . . . . . . . . 9
2.4 Vertical Contact Stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Transverse and Longitudinal Contact Stresses . . . . . . . . . . . . . . . . . 12
2.6 Contact Area and Contact Length . . . . . . . . . . . . . . . . . . . . . . . . 15
2.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
CHAPTER 3 ANALYTICAL APPROACH FOR PREDICTING 3-D
TIRE-PAVEMENT CONTACT LOAD . . . . . . . . . . . . . . . . . . . . . . . . 20
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Experimental Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3 Three-Dimensional Tire-Pavement Contact . . . . . . . . . . . . . . . . . . . 24
3.4 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
CHAPTER 4 HYPERELASTIC MODELING OF WIDE-BASE TIRE
AND PREDICTION OF ITS CONTACT STRESSES . . . . . . . . . . . . . . . . 36
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2 Finite Element Model Development . . . . . . . . . . . . . . . . . . . . . . . 38
4.3 Numerical Analysis Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.4 Contact Stresses at Free-Rolling . . . . . . . . . . . . . . . . . . . . . . . . . 43
vi
4.5 Contact Stresses at Braking . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.6 Contact Stresses at Traction . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.7 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
CHAPTER 5 CONTACT STRESSES OF FREE-ROLLING WIDE-BASE
TIRES: EFFECT OF SPEED AND TEMPERATURE . . . . . . . . . . . . . . . 55
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.2 Finite Element Model Development . . . . . . . . . . . . . . . . . . . . . . . 57
5.3 Variation Along the Contact Length of 3-D Contact Stresses . . . . . . . . . 58
5.4 Tire Contact Area and Deflection . . . . . . . . . . . . . . . . . . . . . . . . 60
5.5 Range and Average of 3-D Contact Stresses . . . . . . . . . . . . . . . . . . 61
5.6 Global Comparison of 3-D Contact Stresses . . . . . . . . . . . . . . . . . . 64
5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
CHAPTER 6 BASELINE ROLLING RESISTANCE FOR TIRES’ ON-ROAD
FUEL EFFICIENCY USING FINITE ELEMENT MODELING . . . . . . . . . . 69
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.2 Rolling Resistance Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.3 Tire Finite Element Model Development . . . . . . . . . . . . . . . . . . . . 73
6.4 Numerical Analysis Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
6.5 Rolling Resistance from Dissipated Energy and Longitudinal Reaction Force 76
6.6 Influence of Operating Conditions on the Baseline Rolling Resistance . . . . 78
6.7 Energy per Tire Component . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.8 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
CHAPTER 7 TIRE-PAVEMENT INTERACTION MODELING:
HYPERELASTIC TIRE AND ELASTIC PAVEMENT . . . . . . . . . . . . . . . 84
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.2 Finite Element Model Development . . . . . . . . . . . . . . . . . . . . . . . 86
7.3 Tire Contact Area and Deflection . . . . . . . . . . . . . . . . . . . . . . . . 88
7.4 3-D Contact Stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7.5 Tire Internal Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
7.6 Surface Deflection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
7.7 Work Performed by Contact Forces and Frictional Dissipation . . . . . . . . 96
7.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
CHAPTER 8 SEMI-COUPLED MODELING OF INTERACTION BETWEEN
DEFORMABLE TIRES AND PAVEMENTS . . . . . . . . . . . . . . . . . . . . 102
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
8.2 Finite Element Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
8.3 Analysis Sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
8.4 3-D Contact Stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
8.5 Pavement Responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
vii
8.6 Rolling Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
8.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
CHAPTER 9 FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS FOR
FUTURE WORK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
9.1 Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
9.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
9.3 Recommendations for Future Work . . . . . . . . . . . . . . . . . . . . . . . 122
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
viii
LIST OF TABLES
3.1 Regression Coefficients k1, k2, and k3 . . . . . . . . . . . . . . . . . . . . . . 31
3.2 Regression Coefficients c1 - c5 for NG-WBT . . . . . . . . . . . . . . . . . . 32
3.3 Regression Coefficients c1 - c5 for DTA . . . . . . . . . . . . . . . . . . . . . 32
3.4 d1 and d2 Values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.1 Belt’s Width and Reinforcement Orientation . . . . . . . . . . . . . . . . . . 38
4.2 Values of Load, Tire Inflation Pressure, Speed, and Rolling Condition
Considered . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.1 Values of Load, Tire Inflation Pressure, Speed, and Temperature Considered 58
6.1 Values of Load, Tire Inflation Pressure, Speed, and Temperature Considered 76
6.2 Rolling Resistance Force in Newtons for Variables in Numerical Analysis
Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
7.1 k-values for Thin and Thick Pavement . . . . . . . . . . . . . . . . . . . . . 87
7.2 Variation of Coefficient of Rolling Resistance with Elastic Modulus . . . . . 96
8.1 Values of Load, Tire Inflation Pressure, Speed, and Temperature . . . . . . . 107
8.2 Pavement Responses for Thin Pavement, 44.4 kN, and 758 kPa . . . . . . . . 110
8.3 Pavement Responses for Thick Pavement, 44.4 kN, and 758 kPa . . . . . . . 111
8.4 Pavement Responses for Thick Pavement, 44.4 kN, and 552 kPa . . . . . . . 111
8.5 Pavement Responses for Thick Pavement, 36.5 kN, and 758 kPa . . . . . . . 112
8.6 Comparison between Dissipation- and Deflection-Induced SRR . . . . . . . . 115
ix
LIST OF FIGURES
2.1 Dual SIM Mk IV system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Maximum σz in each rib for NG-WBT and DTA (S = σo). . . . . . . . . . . 11
2.3 Maximum σz in each rib normalized with respect to S = σo for NG-WBT
and DTA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Variation of maximum σz with S, for: (a) DTA; (b) NG-WBT; and (c)
relationship between maximum σz of NG-WBT and DTA. . . . . . . . . . . 14
2.5 Relationship between maximum σz/S and σy/S (S = σo). . . . . . . . . . . . 15
2.6 Relationship between maximum σz/S and σx/S (S = σo). . . . . . . . . . . . 16
2.7 Variation of Ac for: (a) NG-WBT, (b) DTA, and (c) DTA vs. NG-WBT. . . 17
2.8 Variation of maximum contact length for: (a) NG-WBT, (b) DTA, and
(c) DTA vs. WBT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.1 Dual Stress-In-Motion system. . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 Filtered vs unfiltered data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3 Typical variation of contact stresses. . . . . . . . . . . . . . . . . . . . . . . 25
3.4 Fraction of load carried by each rib: (a) NG-WBT, P=26.6 kN; (b) DTA,
P=26.6 kN; (c) NG-WBT, P=44.4 kN; (d) DTA, P=44.4 kN; (e) NG-
WBT, P=79.9 kN; (f) DTA, P=79.9 kN. . . . . . . . . . . . . . . . . . . . . 26
3.5 Ratio of maximum contact forces. . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6 Average contact length and contact area. . . . . . . . . . . . . . . . . . . . . 28
3.7 Typical variation of vertical and transverse contact forces per unit length. . . 30
3.8 Coefficient of determination of regressions performed. . . . . . . . . . . . . . 31
4.1 Analysis sequence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2 Measured vs. calculated: (a) deflection; (b) contact area; and (c) maxi-
mum vertical contact stresses in each rib. . . . . . . . . . . . . . . . . . . . . 42
4.3 Variation of contact stresses along contact length for free rolling, P=44.4
kN, and S=690 kPa: (a) vertical; (b) longitudinal; and (c) transverse direction. 44
4.4 Typical variation of contact stresses during braking for V= 8 km/h, P=44.4
kN, and S=690 kPa: (a) vertical; (b) longitudinal; and (c) transverse direction. 46
4.5 Resultant force along the longitudinal direction during braking at: (a)
V=8 km/h; (b) V=65 km/h; and (c) V=115 km/h. . . . . . . . . . . . . . . 48
4.6 Typical variation of contact stresses during traction for V= 8 km/h, P=44.4
kN, and S=690 kPa: (a) vertical; (b) longitudinal; and (c) transverse direction. 49
x
4.7 Resultant force along the longitudinal direction during traction at: (a)
V=8 km/h, (b) V=65 km/h, and (c) V=115 km/h. . . . . . . . . . . . . . . 51
4.8 Regression parameters for σz at full braking and V=8 km/h. . . . . . . . . . 52
4.9 Regression parameters for σx at full braking and V=8 km/h. . . . . . . . . . 53
4.10 Contact length and contact width at full braking and V=8 km/h. . . . . . . 54
5.1 Typical variation of 3-D contact stresses along the contact length for V 1. . . 59
5.2 Effect of temperature and speed on contact area. . . . . . . . . . . . . . . . 60
5.3 Effect of temperature and speed on tire deflection. . . . . . . . . . . . . . . . 61
5.4 Comparison of results from FE model and proposed equations for Ac and
δ, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.5 Range of values of 3-D contact stresses. . . . . . . . . . . . . . . . . . . . . . 63
5.6 Sample of global comparison of contact stresses. . . . . . . . . . . . . . . . . 65
5.7 Root-mean-square error of 3-D contact stresses. . . . . . . . . . . . . . . . . 66
5.8 Coefficient of determination. . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.1 Distribution of material properties in tire’s cross section. . . . . . . . . . . . 73
6.2 Sample of material testing and characterization: (a) visco-hyperelastic
rubber, (b) elastic belt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.3 3-D and side view of tire’s finite element model. . . . . . . . . . . . . . . . . 75
6.4 Variation of bδ/Ac with variables considered. . . . . . . . . . . . . . . . . . . 77
6.5 Variation of rolling resistance with load, temperature, speed, and tire in-
flation pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.6 Internal energy in tire’s rubber components for: (a) T=25 ◦C; (b) T=55
◦C; and (c) T=65 ◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.7 Comparison between rolling resistance from FE model and using Eq. (6.5). . 83
7.1 Full tire-pavement model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.2 Axisymmetric model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.3 Full tire-pavement finite element model. . . . . . . . . . . . . . . . . . . . . 89
7.4 Variation of contact area and deflection with E and k. . . . . . . . . . . . . 89
7.5 Effect of pavement stiffness on the 3-D contact stresses. . . . . . . . . . . . . 91
7.6 Comparison of vertical contact stresses with respect to stiffest case. . . . . . 92
7.7 Comparison of longitudinal contact stresses with respect to stiffest case. . . . 93
7.8 Comparison of transverse contact stresses with respect to stiffest case. . . . . 94
7.9 Internal energy in tire by component. . . . . . . . . . . . . . . . . . . . . . . 95
7.10 Deflection sample along the moving direction. . . . . . . . . . . . . . . . . . 95
7.11 Variation of vertical force and displacement with time for E4. . . . . . . . . 97
7.12 Variation of longitudinal force and displacement with time. . . . . . . . . . . 98
7.13 Variation of transverse force and displacement with time. . . . . . . . . . . . 99
7.14 Work performed by contact forces in three principal directions. . . . . . . . . 100
7.15 Frictional dissipation at the end of the analysis. . . . . . . . . . . . . . . . . 100
8.1 Analysis sequence for semi-coupled approach. . . . . . . . . . . . . . . . . . 106
8.2 Contact stresses in the vertical direction. . . . . . . . . . . . . . . . . . . . . 108
xi
8.3 Contact stresses in the transverse direction. . . . . . . . . . . . . . . . . . . 108
8.4 Contact stresses in the longitudinal direction. . . . . . . . . . . . . . . . . . 109
8.5 Rolling resistance force. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.6 Total external work by the contact forces. . . . . . . . . . . . . . . . . . . . 114
8.7 Location of the resultant in the vertical direction and point of maximum
deflection for thin pavement. . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
xii
CHAPTER 1
INTRODUCTION
1.1 Introduction
According to the American Society of Civil Engineers (ASCE), the United States’ trans-
portation infrastructure consists of four million miles of public roadways, traveled by eleven
million trucks, which, along with other factors, gradually lead to pavement deterioration.
By 2013, approximately 32% of major roads were in poor or mediocre condition [1].
Pavements condition, performance, and design are affected by four main factors: material
properties, environment, pavement structure, and vehicular loading. Material properties
refer to the appropriate characterization of pavement response to loading and weather vari-
ations. For instance, asphalt concrete (AC) reaction to stress depends on temperature and
loading time, so linear elastic model is inappropriate to represent AC behavior. Tempera-
ture is not the only environmental factor affecting pavement’s response; moisture, freeze and
thaw cycles, and rain play an important role in roadway analysis, and they are key variables
when studying the pavement behavior. Pavement structure relates to each layer’s thickness
and material required for meeting desired performance. For instance, long-lasting pavement
design philosophy is based on pavement damage localized on the surface, thus allowing the
application of relatively uncomplicated maintenance and rehabilitation approaches [2]. Fi-
nally, loading is not only defined by type of trucks, but also by truck load (magnitude of
applied load and tire inflation pressure) and its effect on the distribution of tire-pavement
contact stresses.
Accurate characterization of tire-pavement contact is one of the main drawbacks of current
pavement design approaches. A circular contact area with constant contact stresses acting
in the vertical direction greatly simplifies the calculation of mechanical pavement responses
(axisymmetric multilayer model). However, this is considered a gross simplification. Ex-
perimental measurements show that a contact patch is far from circular and that contact
stresses are nonuniform and act in three perpendicular directions. In addition, pavement
responses resulting from comparing both contact scenarios clearly show significant differ-
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ences, which lead to erroneous pavement design [3–16]. These differences mostly pertain to
the surface, decreasing with depth. Simplifying the tire-pavement three-dimensional (3-D)
contact stresses also makes it almost impossible to properly compare the pavement dam-
age created by various tires such as conventional dual-tire assembly (DTA) and wide-base
tires (WBT) [first and new-generation wide-base tires (NG-WBT); introduced before and
after 2000]. The problem becomes even more challenging when considering variations of
tire-pavement contact stresses with factors such as rolling conditions (braking, acceleration,
and cornering), tire design, temperature, and pavement structure.
The study of tire-pavement interaction has also relevance in the life-cycle assessment of
pavement structures. According to the U.S. Department of Transportation, 29% of green-
house gas (GHG) emissions in the United States comes from the transportation sector [17].
In an effort to evaluate the environmental impact of pavement infrastructure, the appli-
cation of life-cycle assessment (LCA) to road network have gained momentum in the past
decade. Pavement LCA consists of five phases: materials production/acquisition, construc-
tion, maintenance, use, and end-of-life [18,19]. Particularly, tire-pavement interaction plays
an important role in the use phase because it can integrate into fuel consumption variables
such as pavement roughness, pavement texture, tire-pavement heat exchange, and contri-
bution of pavement structure to rolling resistance [or structure-induced rolling resistance
(SRR)].
1.2 Problem Statement
Even though awareness of the paramount importance of accurate characterization of tire-
pavement contact has increased, state-of-the-art research is still facing limitations that pre-
vent the widespread use of 3-D nonuniform contact stresses. First, most available data comes
from experimental measurements, which are expensive, cumbersome, and limited by speed,
load, or characteristics of contacted surface. Over the past thirty years, finite elements have
been increasingly used for tire modeling as an alternative to experimental measurements;
however, FE have been mainly used to model car tires rather than truck tires. Tire com-
panies have incorporated tire modeling in the design of new products, but few details are
available for academic research.
There is still a gap to be filled: 3-D nonuniform tire-pavement contact stresses must be
considered for improving pavement design and the use phase of pavements LCA, but it is
not feasible and/or practical to experimentally measure these contact stresses for all possi-
ble scenarios. In addition, current FE models of truck tires do not consider the deformable
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nature of pavements. Experimental measurements and tire modeling complement each other
for a better determination of tire-pavement contact stress, and, consequently, a more accu-
rate prediction of the mechanical pavement responses and damage, rolling resistance, fuel
consumption, and greenhouse gas emissions.
1.3 Objectives and Methodology
The main goal of this research is to predict tire-pavement contact stresses and study the
rolling resistance phenomenon of a NG-WBT by modeling tires and pavements as deformable
bodies. The following steps were undertaken for achieving the research objective:
• Develop an experimental program to measure tire-pavement contact stresses, contact
area, and load-deflection curves covering a wide range of tire inflation pressures and
tire loads. These measurements will characterize the tire-pavement contact on a rigid
surface and will be used as a validation tool for the tire FE model
• Define proper tire and pavement models by establishing components such as material
properties (obtained from laboratory testing), FE mesh configuration (size and element
type), and boundary conditions
• Use rigid surface assumption and combine tire and pavement models to numerically
predict contact stresses under various rolling conditions (free rolling, braking, and
accelerating), temperatures, and speeds
• Determine the effect of pavement deformation on 3-D contact stresses, critical pave-
ment responses, and rolling resistance
• Develop a database of contact stresses to be used by researchers and pavement analysts
for improving pavement response computations
• Propose an analytical procedure to predict contact stresses without using experimental
measurements or FE modeling
• Establish the foundation to segregate the contribution of tire and pavement to rolling
resistance
As mentioned earlier, this study combines experimental measurements and FE modeling
to provide a more accurate prediction of tire-pavement contact stresses and rolling resis-
tance assuming that the tire and pavement are deformable bodies. In addition to literature
review, the methodology of this dissertation consists of four major steps. First, experimen-
tal tire-pavement contact stresses measurements were processed and analyzed. Second, the
information for the development of the tire FE model was gathered, which consists of tire
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geometry, distribution of material properties in the cross section, and material character-
ization of rubber and reinforcement. Third, two FE models of the tire contacting a rigid
surface were created, one assuming rubber components and hyperelastic and the other as-
suming rubber as visco-hyperelastic. And fourth, tire and pavement models were integrated
in a single semi-coupled procedure to study critical pavement responses, contact stresses,
and rolling resistance.
1.4 Research Contributions
This research is based on the analysis of tire and tire-pavement system using a semi-coupled
approach, mainly focusing on contact stresses and rolling resistance. In addition to load
and tire inflation pressure, temperature, speed, and rolling conditions were considered. To
achieve the objective of the research, advanced tire modeling of NG-WBT, including appro-
priate material characterization (hyperelastic and visco-hyperelastic), accurate geometry,
and model validation based on experimental measurements, was used. Although ignored in
pavement engineering, the said improvements were implemented in this study.
This research will provide state departments of transportation, pavement engineers, and
researchers with the information needed to decide on whether or not to increase the complex-
ity of their assumptions when analyzing flexible pavements and quantifying the contribution
of tire and pavement to rolling resistance. Furthermore, it will establish the baseline to
address related problems such as pavement contribution to fuel consumption, evaluation of
tire design parameters on pavement damage, and impact of emerging tire technologies on
road infrastructure.
1.5 Dissertation Organization
This dissertation is composed of nine chapters. The initial chapters deal with the experi-
mental measurements of the contact stresses/forces and the analysis of the collected data.
Chapter 2 focuses on the description of the experimental equipment, analysis and processing
of the collected data, and effect of the variables considered on the 3-D contact stresses/forces.
In Chapter 3, the experimental measurements are used to propose an analytical procedure
for predicting contact forces. Chapters 4 and 5 detail the prediction of three-dimensional
contact stresses. Hyperelastic rubber is assumed to study the effect of loading and rolling
condition in Chapter 4; while visco-hyperelastic rubber is assumed to determine the impor-
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tance of the tire temperature and speed in Chapter 5. The tire model presented in Chapter
5 was used to determine the effect of applied load, tire inflation pressure, tire speed, and tire
temperature on rolling resistance force; the results are presented in Chapter 6.
Flexibility of the pavement is incorporated in Chapter 7, where the hyperelastic tire inter-
acts with a linear elastic deformable body. This model not only provides the foundation of
the semi-coupled approach, but also studies the effect of pavement deformation on the 3-D
contact stresses and phenomena related to the contribution of pavement structure to rolling
resistance. In Chapter 8, the tire and pavement are integrated in a single procedure, where
the effect of tire speed, pavement temperature and loading condition on 3-D contact stresses,
pavement responses, rolling resistance force, and SRR is investigated. Finally, Chapter 8
describes the findings, conclusions, and recommendation for future studies.
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CHAPTER 2
IMPACT OF TIRE LOADING AND TIRE
PRESSURE ON MEASURED 3-D CONTACT
STRESSES
Three-dimensional tire-pavement contact stresses for two types of tires used by the truck
industry (NG-WBT and DTA) were measured and compared. The testing matrix consisted of
five loads (26.6, 35.5, 44.4, 62.1, and 79.9 kN) and four tire inflation pressures (552, 690, 758,
and 862 kPa). The equipment used for measuring the 3-D contact stresses is described along
with the testing procedure and the methodology followed during data processing. The effect
of applied load and tire inflation pressure on the variation of longitudinal, transverse, and
vertical contact stresses along the contact length of each tire type was analyzed. Differences
in the distribution and magnitude of the aforementioned stresses were observed between
NG-WBT and DTA; these differences are an important factor linked to pavement damage
caused by each tire configuration.
2.1 Introduction
Successful analysis and design of pavements is strongly related to appropriate consideration
of environmental factors (e.g., temperature and moisture), material characterization, and
traffic. Traffic is defined by a series of factors, including tire structure, load magnitude, and
tire inflation pressure. These three elements are intrinsically related to each other. The
mechanistic-empirical pavement design guide (MEPDG) [20] unifies the relationship of these
factors by assuming the contact between tire and pavement is circular and stresses at the
tire-pavement interface are uniform in only the vertical direction. Experimental evidence
demonstrates that these assumptions are invalid and shows that 3-D nonuniform contact
stresses are a more accurate representation of tire-pavement interaction [8, 12]
Efforts to measure contact stresses are not recent. As early as 1959, the Council for Sci-
entific and Industrial Research (CSIR) in South Africa [21] developed a measuring device
composed of a stress recorder box and mobile electronic and photographic equipment for
roadside use. The equipment measured forces in the three principal directions. The mea-
surements showed that vertical stresses were affected mainly by tire inflation pressure and
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longitudinal stresses by tire torque.
In the 1970s and 1980s, three apparatus were proposed. The first, developed at Tech-
nische Universita¨t Mu¨nchen, pressed a rotating tire against a rotating drum composed of
a measuring mechanism [22]. With the second, a steel road bed (12.2 m long and 0.41 m
wide), macroforce transducer (0.27 m wide and 0.25 m long), and minitransducer (5.1 mm
diameter for circle or 5.1 mm per side for square) were used to read forces and moments
in the three principal directions [23]. Finally, a set of ten beams instrumented with strain
gauges distributed along the cross length of a tire was implemented by Howell et al. [24] and
applied to aircraft tires.
A servo-hydraulic system, where the tire position is fixed and the loading plate is moved
against the tire, was introduced in Texas [25]. The dimensions of the loading plate were
505×505×76.2 mm, and it contained 10 pins in the cross direction of the tire. Each pin was
instrumented with three strain gauges. The pins were separated 25 mm (center to center),
so that more than one reading could be captured in each rib. The effect of tread wear, offset
wheel flange, and footprint location on vertical contact stresses was reported. Himeno et
al. [26] linked pavement distresses to tire-pavement contact stresses. The equipment used
in that study consisted of 64 sensors, 15 mm apart; each pin had a section of 14×18 mm.
Only vertical measurements were reported. It was concluded that vertical stresses greatly
depended on the tire type and the tread pattern and that average vertical pressure was
not influenced by the tire inflation pressure or speed. More important, the relevance of
different assumptions regarding contact stresses on the calculation of the pavement life was
highlighted. The Stress-In-Motion (SIM) system was developed by De Beer et al. [8]. With
that system, the contrast between the response of thin flexible pavements using uniform
and nonuniform 3-D contact stresses was demonstrated and the importance of appropriate
consideration of tire-pavement interaction was established.
Myers et al. [10] explained the influence of tire structure on contact stresses distribution
and pointed out the relevance of transverse tractions on the development of surface distresses
(surface cracking and near-surface rutting). The conclusions were based on measurements
made with an apparatus composed of 16 coaxial load and displacement transducers in the
tire’s transverse direction. A different approach was used by Anghelache et al. [27]: a free-
rolling car tire was loaded against a table that moved in the longitudinal direction. The
longitudinal and transverse tractions were measured using eight beam-type transducers.
Every beam-type element had strain gauges. These elements were placed inside the movable
table, and the upper face coincided with the movable table’s surface. According to the paper,
increment in applied load and decrement in tire inflation pressure caused important growth
in contact length and maximum longitudinal contact stresses.
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A relatively recent measuring device was reported in the literature in 2011 [28]. The
device is composed of 30 L-shaped steel sensing elements with 10×10 mm square contact
area (resistive strain gauges). The device measures contact stresses under different rolling
conditions, but it is applicable only to car tires.
Even though significant efforts have been made to fully understand tire-pavement inter-
action, not many studies have focused on truck tires and their effect on pavement response.
In this chapter, contact stresses of the most common type of tire used by the truck indus-
try (DTA) and an emerging alternative (NG-WBT) are studied. The effect of applied load
and tire inflation pressure on contact stresses distribution and magnitude is discussed. The
experimental device used for the measurements, data processing, and information extracted
from the experimental measurements are presented. Stresses in each direction and the effect
of selected variables are analyzed. Finally, the contact area and contact length of various
tire loading combinations are presented and discussed.
2.2 Experimental Program
Three-dimensional tire-pavement contact stresses/forces were measured for two types of
tires: NG-WBT 445/50R22.5 and DTA 275/80R22.5, referred to as NG-WBT and DTA,
respectively. Four values of tire inflation pressure (S) at 512.0, 690.0, 758.0, and 862.0 kPa,
and five tire loadings (P ) at 26.6, 35.6, 44.4, 62.1, and 79.9 kN, were applied to the tires to
measure the 3-D contact stresses.
The dual SIM Mk IV system used in this study for the measurements consisted of two
SIM pad assemblies, each 840×471 mm2 in nominal area. A single SIM pad assembly of the
SIM Mk IV tire contact load/stress measurement system consisted of an array of 21 instru-
mented steel pins laterally across the center portion of the SIM pad assembly. In addition
to the instrumented pin assemblies, supporting pins on both sides of the instrumented pins
(approximately 1020 for each SIM pad) supported the test tire during SIM testing. These
conical-shaped pins of approximately 50 mm in height were fixed to a 45-mm-thick rigid steel
base plate. The friction characteristics of the surface of these SIM test pads approximated
those of an average dry AC surface [8]. Figure 2.1 presents the dual SIM Mk IV system.
The test tires were fixed to the axle on the hydraulic loading test carriage of the Heavy
Vehicle Simulator (HVS Mk III). The test tires were also fixed in the lateral position over
the dual SIM pads for all measurements in this test series. Therefore, no lateral shifts
were allowed during SIM testing. The vertical contact stresses were assumed positive in
the vertical downward direction, while positive longitudinal tractions pointed in the traffic
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Figure 2.1: Dual SIM Mk IV system.
direction. The direction of positive transverse tractions can be inferred from the right-hand
rule (see Figure 2.1). The average tire speed was 0.331 m/s and the sampling frequency was
1001 Hz.
Static tire ink imprints were made using black roof paint on white paper (160 gm/m2)
under the HVS Mk III. The aim was to obtain prints for the target loads indicated in the
test matrix. After the tire ink imprints were made at the HVS test site, photos were taken
of each case (per the test matrix) and scaled. To calculate the contact area reported here,
the tire footprints were imported in AutoCAD.
2.3 Three-Dimensional Contact Stresses Data Processing
The SIM measurements were reported in .txt format. Each file contains the readings of the
42 instrumented pins in one of the three directions and its own measuring test speed and
applied SIM total load (in kN). As stated before, the SIM load distribution measurements
were reported in load units (N). These data values were converted to ‘effective contact stress’
values in kPa by applying the ‘effective area’ geometrical conversion factor of 250.28 mm2
to the load data. This implicitly assumes that the measuring pin is in full contact with the
tire. Details of this SIM geometrical factor were explained by De Beer et al. [8, 29].
The experimental stress readings were filtered using the moving average method with a
window size of 20 measurements. The same value was used for all data files, and it was
selected based on the final smoothness and small shift of the data. The distance along the
tire contact patch was obtained using the sampling frequency and the speed of the tire in
each measuring case.
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Generally speaking, the shape of distribution of the vertical and transverse contact stresses
(σz and σy, respectively) was very similar, even though their magnitudes were different. σz
and σy were zero at the beginning and end of the contact length and had a maximum value
around the center of the tire. The location of this maximum value varied with the tire’s
acceleration [21]. The location of the maximum was consistently close to the center. In some
cases, σy showed a negative peak at the end of the contact length, whose magnitude was
small when compared to the positive peak.
On the other hand, the variation of the longitudinal contact stresses (σx) varied according
to the rib’s location. When the rib was at the edge of the tire, the distribution had three
peaks: two negative and one positive. The first negative peak was located at the tire’s front
part, and its magnitude was comparable to the positive one. The second negative peak was
greater than the other two extreme values, and it was located at the end of the contact
length. If the rib was not an edge one, the negative peak at the tire’s end vanished, and its
distribution had only two peaks (one positive and one negative). In this case, the magnitude
of the positive peak (rear part of the tire) was significantly higher than that of the negative
peak. The value and location of the described peaks for each entry of the test matrix were
extracted from every measuring pin.
The contact length used in the analysis was determined based on σz, and it was defined
as the distance at which σz is not zero in each measurement. For each loading case, the
maximum value of contact length was selected
2.4 Vertical Contact Stresses
The variation of the maximum vertical contact stresses (σz,max) with P and S for each rib
and tire type is presented in Figure 2.2. Since more than one measuring pin was in contact
with any given rib, the value reported in this figure is the maximum among the pins under
each rib. Previously reported n- and m-shape patterns were seen as P increased from 26.6
to 79.9 kN at the same S. The n-shape was clearer for DTA at low P than for NG-WBT;
the difference between σz,max of a central rib and an edge rib was greater for DTA than for
NG-WBT. This indicates that NG-WBT distributed the applied load more uniformly across
the tire under intermediate and low P . However, for an edge rib, σz was significantly higher
for NG-WBT than for DTA if high load was applied. It should be noted that minima and
maxima of the measured contact stresses depend also on the tire tread pattern, and that
the position of lateral grooves may therefore influence the results. However, the selection of
reporting on the maxima only, is therefore considered conservative.
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Figure 2.2: Maximum σz in each rib for NG-WBT and DTA (S = σo).
Figure 2.3 presents the maximum vertical stresses but normalized with respect to the
corresponding S. Even though, as expected, the shape of the plots did not change, the effect
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of S on the normalized σz (σ¯z = σz/S) was different than on σz only: σ¯z decreased as S
increased. It was also observed that the range of values for which σ¯z varied for a constant
value of P was not wide, and it decreased as P increased. Almost no value of σ¯z in the
central ribs were less than 1 in any case; this proves, once more, that assuming vertical
contact stresses equal to the tire inflation pressure is inaccurate. Moreover, σ¯z can be as
high as 2.8S, as for NG-WBT when P=79.9 kN and S=552.0 kPa.
Figure 2.4(a) and Figure 2.4(b) show the variation of the maximum σz of each entry in
the test matrix with S and P for DTA and NG-WBT, respectively. For both types of tires,
the described maximum σz increased linearly with S for a fixed value of P , as long as P
was low (P=35.5 kN for NG-WBT and P=44.4 kN for DTA). In the case of DTA, when
P > 44.4 kN, S did not have a relevant influence on the maximum σz, as indicated by the
small slope of the corresponding lines. The relationship between the maxima with respect
to each of the two tire types is shown in Figure 2.4(c). The equality line is also presented
in the same comparative plot. Most of the points lay on the right-hand side of the equality
line. The points were located farther from the equality line as P increased. This implies
two things: first, the maximum σz was almost always greater for NG-WBT than for DTA;
second, the difference in magnitude increased as P increased. Notice that for relatively low
values of P , the associated data points were relatively close to the equality line.
2.5 Transverse and Longitudinal Contact Stresses
The relationship between the normalized transverse contact stresses (σ¯y) and σ¯z for the
considered types of tire, S, and P is presented in Figure 2.5. It is known that σy is maximum
at the edges of the rib and is negligible at its center. The values of σ¯y in the plots are
magnitudes (absolute value) of the maximum σy normalized with respect to S at the edges
of the ribs, i.e., σy/S. For NG-WBT, the ratio between σ¯y and σ¯z for most points varied
between 20% and 40% when the tire was subjected to relatively low values of P (26.6 and
35.5 kN), regardless of S. As the load increased, the points were scattered between 10% and
40%. Values above the 40% and below the 10% line were fairly rare. The maximum value
of the transverse contact stress was σy=0.5S and corresponded to S=552.0 kPa and P=62.1
kN.
For DTA, the variation was slightly different. First, the 20% line was no longer a lower
boundary, and data varied between 0% and 40%. However, that was not the case if P=79.9
kN, where most of the values lay between 0.2σ¯z and 0.5 σ¯z. For DTA, the maximum σy was
given by the same loading condition as for NG-WBT (S=552.0 kPa and P=62.1 kN), and
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Figure 2.3: Maximum σz in each rib normalized with respect to S = σo for NG-WBT and
DTA.
its value was 0.392S.
It is clear that the magnitude of the transverse contact stresses is relevant when compared
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Figure 2.4: Variation of maximum σz with S, for: (a) DTA; (b) NG-WBT; and (c) relation-
ship between maximum σz of NG-WBT and DTA.
to σz. This has important consequences in the analysis and design of flexible pavements.
The relationship between transverse tractions and shear flow (plastic deformation) has been
reported in the literature [12, 15].
Figure 2.6 compares the normalized longitudinal contact stresses (σ¯x) with σ¯z. The plots
are arranged as the transverse cases: each row corresponds to the same load, and each
column represents the same tire type. As described above, depending on the location of the
rib, the distribution of σx contained 2 or 3 extreme values. For the sake of comparison, the
ribs at the edge of the tire were omitted in these plots since the distribution was different
and often the maximum σx was associated with a negative peak. Most of the σ¯x data were
lower than 0.2σz in the case of NG-WBT; however, some values were close to 0.4σz. The
upper boundary shifted from 40% to 35% of σz for DTA.
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Figure 2.5: Relationship between maximum σz/S and σy/S (S = σo).
2.6 Contact Area and Contact Length
The variation of the contact area (Ac) with S for each value of applied load and type of tire
is presented in Figure 2.7(a) and Figure 2.7(b) for DTA and NG-WBT, respectively. The15
Figure 2.6: Relationship between maximum σz/S and σx/S (S = σo).
variation of Ac tended to be linear for both types of tires, even though the degree of the
variation (slope of each line) was slightly higher for DTA than for NG-WBT. As expected,
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Ac decreased as P decreased and S increased. Figure 2.7(c) compares the contact area for
both the NG-WBT and DTA. Ac for DTA was greater compared with NG-WBT; the range
of variation was between equality at P=79.9 kN and S=862.0 kPa and approximately 38%
greater at P=26.6 kN and S=552.0 kPa.
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Figure 2.7: Variation of Ac for: (a) NG-WBT, (b) DTA, and (c) DTA vs. NG-WBT.
Finally, a similar set of plots, dealing with maximum contact length l, are given in Figure
2.8. The figure illustrates the variation of maximum contact length for DTA and NG-WBT
with S and P and depicts a comparison of the maximum contact length of each type of
tire. The maximum contact length of both types of tires decreased as tire inflation pressure
increased, and it increased as the load increased. These variations were linear for all the
analyzed cases. This fact is verified in Figure 2.8, which depicts a linear fit with a high
coefficient of correlation. The linear regression shows that the maximum contact length
for DTA (ldta) was approximately 65% smaller than the maximum contact length for NG-
WBT (lwbt). This might be linked to the higher stiffness of the DTA when compared to the
NG-WBT.
Different mechanisms in the load distributions in each tire were observed. While DTA had
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Figure 2.8: Variation of maximum contact length for: (a) NG-WBT, (b) DTA, and (c) DTA
vs. WBT.
a higher contact area than NG-WBT, the maximum contact length for NG-WBT was longer
than for DTA. It is important to recall that maximum σz was consistently higher for NG-
WBT. In other words, to distribute the same load at the same tire inflation pressure, DTA
used greater contact area and shorter maximum contact length, and it generated smaller
maximum vertical contact stresses than NG-WBT did.
2.7 Summary
Comparisons between three-dimensional tire-pavement contact stresses for NG-WBT and
DTA subjected to various tire inflation pressures (512, 690, 758, and 862 kPa) and loads
(26.6, 35.5, 44.4, 62.1, and 79.9 kN) were made. The measuring equipment, data processing,
and variation of tractions in each direction, along with contact area and maximum contact
length, were presented.
Based on the experimental measurements, it was concluded that maximum vertical con-
tact stresses were greater for NG-WBT than for DTA, with the difference increasing as load
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increased. NG-WBT distributed applied load more uniformly than DTA at low and inter-
mediate loads; at high load, more loads/stresses at the edges of NG-WBT were noted. In
addition, tire inflation pressure affected differently vertical contact stresses and normalized
vertical contact stresses. When analyzing the maximum vertical pressure of each loading
case, the linear effect of tire inflation pressure on the mentioned maximum was seen if the
applied tire loading was low.
Generally speaking, transverse tractions were as high as 40% of vertical pressure for NG-
WBT, but those stresses could be as high as 50% for DTA if the load was high. In the case
of longitudinal contact stresses, the upper line corresponded to 35% of vertical pressure for
DTA and 40% for NG-WBT. Finally, the linear effect of tire inflation pressure on the contact
area for both types of tires was observed: greater contact area for DTA (30% higher) and
shorter maximum contact length (65% smaller) when compared to NG-WBT.
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CHAPTER 3
ANALYTICAL APPROACH FOR PREDICTING 3-D
TIRE-PAVEMENT CONTACT LOAD
Three-dimensional tire-pavement contact loads of two truck tires, NG-WBT and DTA1, were
measured and analyzed. Extreme and typical values of tire inflation pressure (552, 690, 758,
and 862 kPa) and tire loading (26, 35, 44, 62, and 79 kN) were considered in the experi-
mental program. The measurements were performed using the SIM Mk IV system at the
CSIR in South Africa. Peak values in three directions were compared, and the importance
of tangential contact stresses was highlighted. In addition, characteristic variations of the
measurements in the longitudinal, transverse, and vertical directions were identified. A func-
tion depending on two regression parameters, applied load, and distance along the contact
length, was proposed to represent the contact load in the vertical and transverse directions.
Analysis was performed on the measurements to obtain the regression parameters, and a
simplified procedure was proposed to determine tire-pavement contact loads. Contact area
and contact length of both tires were also compared.
3.1 Introduction
Every year, a considerable amount of money is spent by government agencies on restoring
the road infrastructure through maintenance and rehabilitation activities. These activities
become more relevant as the pavement network ages. Not only does the pavement design
philosophy focus on localizing damage on upper pavement layers, but it also emphasizes
efficient and cost-effective maintenance and rehabilitation methods. To minimize pavement
damage, several factors must be addressed during the design process, such as environmental
conditions (temperature and moisture), material properties (AC and granular), and vehicular
loading (traffic level and truck loading). The transportation industry has established a
detailed national climatic database and created thorough laboratory procedures to accurately
measure material properties.
Tire loading is the main excitation for pavement responses; however, conventional pave-
1All calculation regarding DTA were performed by Angeli Gamez.
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ment design procedures have lacked a way to simulate actual contact tire loads. Generally,
tire loads are considered to be uniform and circular, an assumption that could potentially
underestimate pavement stresses and strains [3,4,11,30]. Obtaining accurate strain measure-
ment is vital because it directly affects the transfer functions used in mechanistic-empirical
pavement design guides. The importance of tire contact stresses has been strongly empha-
sized by many researchers because of its significant impact on pavement responses. Two of
the main parameters of tire loading that define contact stresses are applied load and tire
inflation pressure.
A previous study determined that tire inflation pressure significantly affects surface re-
sponses, especially pavement fatigue life [4]. Another study assumed uniform contact stresses
and determined that for an AC surface thickness of less than 50 mm, tensile strain could
be underpredicted by as much as half [3]. Other researchers found that nonuniform con-
tact stress distribution produces the highest longitudinal strain at the bottom of the AC,
whereas circular uniform loads produce the least strain [11]. Therefore, the non-uniformity
characteristic of tire contact stresses must be considered when simulating actual tire loading
conditions.
Moreover, 3-D contact stresses affect the location and magnitude of the bulk and octahe-
dral stresses, and the strain energy of distortion [8]. Research has found that the magnitude
of the applied load and tire inflation pressure defines the location of the maximum response.
It was also observed that 3-D contact stresses cause large tensile strain gradients [6]. How-
ever, in relation to surface stresses, transverse contact stresses have been recognized as one
of the most influential factors inducing tensile stresses, specifically that the stress state is
modified close to the surface [10]. A previous study supplemented that finding, conclud-
ing that transverse contact stresses are indeed crucial for pavement responses, especially
around the tire footprint, which can be related to near-surface cracking and shear flow at
shallow depths [5, 12–16, 21, 23]. Transverse tensile stresses can be as high as 50% of the
vertical stresses [12]. Therefore, considering the 3-D state of the tire contact stresses will
provide pavement engineers a more accurate and comprehensive understanding of pavement
behavior.
Although research has demonstrated the significance of 3-D contact stresses on pavement
damage and response, experimental measurement of contact stresses is not a trivial task.
Over the years, a number of advanced measuring systems have been proposed. In the
late 1950s, a force-measuring stud device attached to a spring system was introduced. It
deflected in the vertical and horizontal directions. The deflections were transformed into
electrical signals, and electronic photographic traces were used to determine the contact
forces [31]. Moreover, the vertical deflection and the slip and chamber angles of the tires could
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be varied to simulate acceleration, deceleration, and free-rolling conditions [23]. Further
advancements assisted in determining friction coefficients by measuring the applied forces in
each perpendicular direction [5].
In further relating the measured contact stresses to pavements, the size and separation
of the measuring pins were defined in correlation to the friction of an average AC surface
[8, 29]. Additionally, to highlight the time-dependency of asphalt materials and movement
of the tire load, equipment was modified to enable contact stress variation at a specific
section over time and the static data along the circumference of the tire [31]. Decades of
technological modifications have led to today’s advanced measurement systems that provide
highly accurate and precise experimental data. (It should be noted, however, that this
description is not intended to be a comprehensive history of systems for measuring contact
stresses).
Addressing the non-uniformity and 3-D state of contact stresses provides a more accurate
representation of tire loading. However, the use of advance measuring system requires a
considerable amount of time and money. Therefore, the need for characterizing 3-D contact
stresses and analytical equations to determine contact stresses are addressed in this chapter.
3.2 Experimental Program
Two types of tires were tested to obtain 3-D contact loading: a NG-WBT 445/50R22.5 and
a DTA 275/80R22.5. A combination of four tire inflation pressures, (S=552.0, 690.0, 758.0
and 862.0 kPa), and five tire loads (P=26.6, 35.6, 44.4, 62.1, and 79.9 kN) were considered
as presented in Chapter 2.
The measurements were conducted at the CSIR in South Africa using the dual SIM Mk
IV system (see Figure 3.1) [29]. The equipment consisted of two SIM pad assemblies, each
measuring 750×357 mm in nominal area. A single pad assembly of the SIM Mk IV measure-
ment system consisted of 1,041 pins, of which a linear array of 21 were instrumented with
strain gauges. The instrumented pins were arranged laterally across the SIM pad assembly,
and the remainder acted as supports for the contact patch of the test tire. The conically
shaped pins were 50 mm high and fixed onto a 45-mm-thick rigid steel base plate [8, 29].
During the testing phase, the test tires were fixed onto the axle on the hydraulic loading
test carriage of the Heavy Vehicle Simulator (HVS Mk IV), which was positioned laterally
over the dual SIM pad assemblies. To prevent the effect of lateral variation as the tires
traverse the array of instrumented pins, the tires were placed approximately over the center
point of the dual SIM pads. The average speed of the test tires was approximately 0.331 m/s,
22
Figure 3.1: Dual Stress-In-Motion system.
while the sampling frequency of the load/stress distribution in the contact patch was 1001 Hz.
Because testing was performed at relatively low speed, results should be applied with caution
when utilized for other speed or rolling conditions. As the tires traveled over the dual SIM
pads, the instrumented pins measured strain, which is converted to force based on previous
calibration of the sensor pins. The forces were converted to effective contact stresses using
the predefined influence area of 250.28 mm2. This area was a unique geometrical parameter
for the SIM measurement system, and it was based on the assumption that the tire was
smooth and in full contact with the pin [29]. The coordinate system was defined whereby
the positive x direction followed the travel direction (longitudinal), the positive z direction
pointed downward (vertical), and the positive y direction (transverse) was dictated by the
right-hand rule.
Each loading case was repeated ten times, and the optimal three out of ten repetitions
were used for analysis. The optimal repetitions were selected as the ones with the reaction
force from the pin measurement closer to the applied tire load. The collected data was then
filtered using a moving average with a window size of 20 measurements. Figure 3.2 shows
three samples with corresponding filtered data; including details at peak. As can be seen,
the filter process slightly shifted the data; however, neither the peak value nor contact length
changed. Static tire ink imprints of the test tires were captured using black roof paint on
white paper under the HVS Mk IV for visual representation of the contact area.
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Figure 3.2: Filtered vs unfiltered data.
3.3 Three-Dimensional Tire-Pavement Contact
3.3.1 Three-Dimensional Loading
As previously described, the instrumented pins measure force, which is converted to stress
by dividing the force by the influence area of each pin (250.28 mm2). The influence area
is calculated based on the lateral separation between pins (17.0 mm c/c) and the distance
between two consecutive rows of pins (14.7 mm c/c). In converting forces to stresses, the
use of 250.28 mm2 as the influence area assumes that the tire is smooth (no ribs) and is in
full contact (tire rubber covers pin’s influence area). This approach has been applied to the
same experimental data, and the corresponding analyses have been presented in the Chapter
2 and previously published [32].
However, these assumptions are invalid for the tires under analysis. Each tire comprises
a number of ribs (eight and ten ribs for NG-WBT and DTA, respectively). Moreover, each
tread pattern is nonuniform. For instance, if a pin is located at a rib edge with partial
contact, the area in contact between the pin and tire could potentially be half that of a pin
at the middle of the rib, resulting in stress values double the ones computed with 250.28 mm2
as the contact area. To address this concern, the location of the pins as the tires traverse the
measuring system must be tracked so that the appropriate and individual pin-tire contact
areas can be accurately calculated for each test repetition. The task becomes even more
challenging as each rib’s width changes with P and S variation.
As a consequence, the analysis was performed by dividing pin measurements (in Newton,
N) by the distance between two consecutive rows of pins (14.7 mm). This approach provided
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nonuniform force per unit length variations along the length of the tire (x) in the longitudinal,
transverse, and vertical directions [qx(x), qy(x), and qz(x), respectively]. Dividing qx,y,z(x)
by the appropriate influence width results in the actual contact stresses. It is important to
note that the shape of qx(x), qy(x), and qz(x) is the same as the contact stresses; however,
the unit is force over distance (N/mm).
The typical variation of qx(x), qy(x), and qz(x) over the contact length is presented in
Figure 3.3. It was observed that vertical and transverse contact stresses had similar shapes
but differed mainly in magnitude and sign. On the other hand, the variation of the longi-
tudinal contact stresses depended on the location of the rib with respect to the tire. Three
local maxima were noted for the outermost rib: two negative peaks near both ends (entrance
and exit) of the contact length and a positive peak in between. For the rest of the ribs, the
negative peak near one end (exit) of the tire was non-existent.
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Figure 3.3: Typical variation of contact stresses.
To determine the load carried by each rib Pi (i=1 to 8 for NG-WBT and 1 to 10 for
DTA), qz(x) was integrated over x. Figure 3.4 presents the variation of the ratio Pi/P for
three P values (26.6, 44.4, and 79.9 kN) and four S values. For both tires, the shape of
the distribution across the tire width changed as P increased. If P was low, the center ribs
carried more load than the ones at the edges of the tire (n-shape distribution across the
patch). On the other hand, if P was high, the center ribs carried less load than the ones at
the edges of the tire (m-shape distribution across the patch). The patterns were observed
for all tire inflation pressure values considered. Notice also that as the load increased, the
percentage of load carried by the edge ribs became significantly higher for NG-WBT than
for DTA. This was due to the higher number of sidewalls of DTA compared with NG-WBT
(4 vs. 2). Furthermore, the variations of Pi/P across all the ribs with various S values for
NG-WBT were relatively close to each other for a given P value. This finding indicated
that the percentage of P carried by each rib was not significantly affected by S. For DTA,
however, the observation was valid only if the tire inflation pressure was less than or equal
to 690 kPa. Finally, it was noted that Pi/P was generally higher for NG-WBT than for
DTA because of the lower number of ribs.
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(e) Pi/P for NG-WBT P = 79.9kN
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Figure 3.4: Fraction of load carried by each rib: (a) NG-WBT, P=26.6 kN; (b) DTA, P=26.6
kN; (c) NG-WBT, P=44.4 kN; (d) DTA, P=44.4 kN; (e) NG-WBT, P=79.9 kN; (f) DTA,
P=79.9 kN.
To simulate realistic contact forces and highlight three dimensionality, the magnitudes of
the measured forces in three directions were compared. Ratios of the maximum transverse
(qy,max) and longitudinal (qx,max) forces per unit length with respect to vertical one (qz,max)
for each rib are illustrated in Figure 3.5. The horizontal axis represents the combination of
the number of ribs with various S (e.g., NG-WBT: eight ribs by four tire inflation pressures
equates to 32 case indicators). Contact stresses can be calculated by dividing qx,y,z by the
appropriate influence width. Therefore, the ratios in Figure 3.5 are also applicable to the
corresponding ratio of contact stresses.
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Figure 3.5: Ratio of maximum contact forces.
Even though a distinct relationship between the aforementioned ratios, tire type, P , and
S was not identified, two observations can be made regarding the relative magnitude of
qx,max and qy,max with respect to qz,max. On one hand, 85% of the data points fall in
the range of 0.05 < qx,max/qz,max < 0.32 for NG-WBT, whereas the range changes to
0.05 < qx,max/qz,max < 0.26 in the case of DTA. On the other hand, the variation range
for qy,max/qz,max becomes narrower in comparison with qx,max/qz,max. The tighter band en-
ables a greater number of data points to be considered. For NG-WBT, 90% of the data
varies between 0.16 and 0.35, while the lower and upper limits change to 0.10 and 0.28 for
DTA.
Based on these remarks, it can be concluded that the peak transverse and longitudinal
forces per unit length (or contact stresses) are relatively higher for NG-WBT than DTA.
Additionally, regardless of the tire type, the magnitude of the tangential contact stresses are
considerably high, thereby greatly influencing pavement responses. Previous research has
indicated the importance of considering transverse contact stresses, which have been linked
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to near-surface cracking and shear flow [33]. Since ratios qx,max/qz,max and qy,max/qz,max are
different for both tires, the same effect on pavement responses and performance may not be
assumed, although both tires have the same applied load and tire inflation pressure.
3.3.2 Contact Area and Average Contact Length
To complete the characterization of the 3-D tire-pavement contact stresses, it is essential
to obtain accurate contact area and length. The contact area was obtained from static
imprints, whereas the contact length was determined based on the variation of qz. Figure
3.6 compares the change of the contact area (Ac) and the average contact length (l) of both
tires. As expected, the contact area increased as P reached 79 kN. In addition, Ac was
greater for DTA than NG-WBT for all loading cases, and the contact area ratio between
DTA and NG-WBT was as high as 1.3.
Regarding the average contact length, a strong linear relationship was found when com-
paring l of both tires. The average contact length for DTA was approximately 8% shorter
than the contact length for NG-WBT. A linear correlation was also found when the max-
imum contact length was compared for both tires, and it was determined that DTA was
approximately 36% shorter [32].
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Figure 3.6: Average contact length and contact area.
3.4 Statistical Analysis
Analytical expression for predicting tire-pavement contact loads can simplify the creation of
databases and can be used in the development of analytical procedures to calculate pavement
responses. Regression analysis was performed on the variation of qz(x), qy(x), and contact
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length l. In the case of qz(x) and qy(x), available equations in the literature were used and
corresponding regression coefficients were determined [34]. Longitudinal contact force per
unit length was not further analyzed in this chapter because of its particular variation (see
Figure 3.3) and association to certain phenomena, such as tire wear and noise, more than
to pavement damage. Accordingly, a linear correlation of l with P was identified.
3.4.1 Contact Forces per Unit Length
As previously explained, more than one pin measured the contact forces per rib. Deriving
one expression for the load variation of each pin would be impractical and would nullify the
simplicity of the final result. Bearing this in mind, a single curve for each force distribution,
qz(x) and qy(x), was calculated in each rib and loading case based on the weighted average
of the resultant force of each pin measurement. In other words:
q¯zi(x) =
∑nj
j=1 Fzijqzij(x)∑nj
j=1 Fzij
(3.1)
q¯yi(x) =
∑nj
j=1 |Fyij| |qyij(x)|∑nj
j=1 |Fyij|
(3.2)
where: x = distance along the contact length
q¯zi(x) and q¯yi(x) = average variation of vertical and transverse contact force per
unit length with respect to x for rib i
qzi(x) and qyi(x) = variation of vertical and transverse contact force per unit
length for pin j in rib i
Fzij and Fyij = resultant force in the vertical and transverse direction for rib
i pin j and
nj = number of tire ribs (nj=8 for NG-WBT and 10 for DTA)
Fzij and Fyij were calculated by integrating qzij(x) and qyij(x) over the contact length of
pin j in rib i. Figure 3.7 shows the typical variations of qz(x) and qy(x) in one rib. The
dashed lines represent the pin measurements, and the solid lines correspond to q¯zi and q¯yi
obtained using Eqs. (3.1)-(3.2). Based on the work by Guo et al. [34], it was assumed that
the variation of the vertical and transverse contact forces per unit length can be expressed
as follows:
q¯z,y(ξ) = α
P
2a
(
1 +
1
2n
)(
1− ξ2n) (3.3)
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where: P = applied tire load (kN)
a = l/2 = half contact length (mm)
ξ = x/a = normalized distance along contact length
n and α = fitting parameters
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Figure 3.7: Typical variation of vertical and transverse contact forces per unit length.
Nonlinear least-squares curve fitting was used to find regression parameters n and α in
Eq. (3.3) for each tire (NG-WBT and DTA) and loading case (720 regressions). Figure 3.8
presents a summary of the calculated coefficient of determination R2 of each regression. An
improved fit was obtained for q¯z in comparison with q¯y. In addition, q¯y was slightly better
fitted for NG-WBT than for DTA. The aforementioned observations can be inferred from
the 5th percentile of the plotted regression data. For NG-WBT, 5th percentile for q¯z and
q¯y is 0.96 and 0.91, respectively. In the case of DTA, the corresponding values are 0.95 and
0.87. After Eq. (3.3) was fitted using experimental data, the obtained coefficients n and α
were assumed to vary with P and S as:
n = k1 + k2
P
103
+ k3
S
103
(3.4)
α = c1 + c2
P
103
+ c3
S
103
+ c4
(
P
103
)2
+ c5
(
S
103
)2
(3.5)
where k1-k3 and c1-c5 are regression coefficients, and the S is in kPa.
Table 3.1 through Table 3.3 show the k and c values for n, α and the corresponding R2
of each rib. Similarly, a higher R2 was calculated for the predicted forces in the vertical
direction than in the transverse direction. The lowest R2 in the vertical direction was 0.60
(Table 3.3, DTA, q¯z, Rib 4). This is an acceptable value because after setting P , S, tire
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Figure 3.8: Coefficient of determination of regressions performed.
type, and rib number, q¯z can be fully defined along the contact length. In the y direction,
some ribs have R2 values as low as 0.18 (Table 3.3, DTA, q¯y, Rib 1). It is noteworthy that
R2 tends to be lower at the edge ribs compared with the ribs near the center region across
the patch.
Table 3.1: Regression Coefficients k1, k2, and k3
Rib
NG-WBT DTA
k1 k2 k3 R
2 k1 k2 k3 R
2
q¯z
Rib 1 1.229 7.824 -0.674 0.61 1.173 14.783 -1.061 0.91
Rib 2 1.093 8.159 -0.567 0.78 1.629 14.690 -1.474 0.89
Rib 3 1.045 10.044 -0.608 0.89 1.675 10.264 -1.340 0.88
Rib 4 1.526 10.748 -1.152 0.88 1.638 12.605 -1.426 0.92
Rib 5 1.461 8.602 -1.009 0.91 1.117 10.915 -0.891 0.88
Rib 6 0.901 8.698 -0.476 0.87 1.221 13.827 -1.162 0.94
Rib 7 1.156 9.092 -0.726 0.84 1.540 15.745 -1.420 0.91
Rib 8 1.050 10.102 -0.745 0.64 1.582 10.970 -1.271 0.86
Rib 9 - - - - 1.492 15.909 -1.452 0.89
Rib 10 - - - - 1.177 9.399 -0.896 0.86
q¯y
Rib 1 1.146 15.490 -0.946 0.82 1.134 4.948 -0.238 0.31
Rib 2 1.124 11.402 -0.889 0.62 1.003 14.735 -0.994 0.87
Rib 3 1.051 7.371 -0.811 0.71 1.051 9.100 -0.836 0.87
Rib 4 1.157 9.571 -0.927 0.88 1.376 7.958 -1.081 0.81
Rib 5 1.117 8.484 -0.802 0.81 0.907 5.148 -0.267 0.40
Rib 6 1.028 6.777 -0.647 0.85 0.949 6.267 -0.192 0.43
Rib 7 1.366 7.441 -0.979 0.72 1.117 12.615 -0.998 0.86
Rib 8 1.084 5.468 -0.487 0.55 1.092 10.209 -0.944 0.85
Rib 9 - - - - 1.200 9.487 -0.976 0.79
Rib 10 - - - - 0.619 6.957 -0.056 0.66
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Table 3.2: Regression Coefficients c1 - c5 for NG-WBT
Rib c1 c2 c3 c4 c5 R
2
q¯z
Rib 1 0.042 1.684 -0.073 -8.978 0.016 0.89
Rib 2 0.056 -0.366 -0.025 1.280 0.038 0.90
Rib 3 0.063 -0.754 0.025 3.945 -0.017 0.85
Rib 4 0.096 -0.502 -0.090 2.037 0.081 0.89
Rib 5 0.080 -0.729 0.003 3.243 0.006 0.93
Rib 6 0.116 -0.767 -0.158 4.343 0.127 0.94
Rib 7 0.025 -0.845 0.108 5.290 -0.063 0.92
Rib 8 -0.008 -0.009 0.097 5.313 -0.075 0.83
q¯y
Rib 1 -0.016 0.294 0.067 -2.103 -0.056 0.72
Rib 2 -0.010 0.448 0.023 -4.428 -0.013 0.50
Rib 3 0.042 -0.254 -0.078 1.623 0.057 0.73
Rib 4 0.043 -0.278 -0.085 1.938 0.068 0.89
Rib 5 0.049 0.131 -0.120 -1.611 0.092 0.46
Rib 6 0.011 -0.059 -0.004 -0.020 0.014 0.60
Rib 7 -0.010 -0.010 0.054 -0.056 -0.036 0.48
Rib 8 0.009 -0.323 0.007 3.182 -0.001 0.53
Table 3.3: Regression Coefficients c1 - c5 for DTA
Rib c1 c2 c3 c4 c5 R
2
q¯z
Rib 1 0.066 1.458 0.175 11.235 0.098 0.69
Rib 2 0.091 1.758 0.022 13.476 0.026 0.88
Rib 3 0.165 0.769 0.269 2.972 0.202 0.72
Rib 4 -0.041 0.777 0.279 5.559 0.181 0.60
Rib 5 0.121 0.614 0.299 2.971 0.189 0.75
Rib 6 -0.109 1.578 0.286 11.389 0.210 0.75
Rib 7 0.113 2.138 0.050 17.291 0.050 0.86
Rib 8 0.047 0.502 0.069 0.587 0.038 0.91
Rib 9 0.022 0.410 0.086 1.215 0.046 0.61
Rib 10 0.066 1.458 0.175 11.235 0.098 0.69
q¯y
Rib 1 0.016 0.097 0.019 0.970 0.010 0.18
Rib 2 0.027 0.430 0.026 3.118 0.021 0.51
Rib 3 0.018 0.252 0.017 2.561 0.014 0.37
Rib 4 -0.011 0.013 0.050 1.143 0.027 0.44
Rib 5 0.030 0.148 0.063 2.014 0.040 0.85
Rib 6 -0.053 0.171 0.159 1.503 0.112 0.39
Rib 7 0.069 0.299 0.158 2.224 0.117 0.27
Rib 8 -0.008 0.179 0.059 1.368 0.040 0.46
Rib 9 0.026 0.546 0.019 4.013 0.017 0.65
Rib 10 0.016 0.097 0.019 0.970 0.010 0.18
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3.4.2 Contact Length
To determine the relationship between the contact length and the combination of various
applied loads and tire inflation pressures, a procedure similar to the regression method for
q¯z and q¯y was performed. First, it was observed that S did not have relevant influence on
l [32], therefore it was assumed that:
l = d1 + d2P (3.6)
where d1 and d2 are regression coefficients.
The calculated values of d1, d2, and the corresponding R
2 are presented in Table 3.4. The
lowest R2 is 0.80 (Rib 5), indicating a linear relationship between P and l. The variation of
the R2 throughout the ribs for the contact length is more uniform than the force distributions
on the previous section.
Table 3.4: d1 and d2 Values
NG-WBT DTA
Rib d1 d2 R
2 d1 d2 R
2
Rib 1 76.2 3.573 0.81 97.7 2.741 0.89
Rib 2 117.7 2.182 0.85 136.9 2.085 0.91
Rib 3 140.9 2.039 0.82 134.4 2.094 0.92
Rib 4 147.0 2.090 0.82 133.0 2.113 0.93
Rib 5 147.9 2.148 0.80 71.7 2.997 0.92
Rib 6 143.7 1.972 0.82 105.0 2.594 0.91
Rib 7 121.9 1.872 0.85 144.1 1.992 0.91
Rib 8 77.9 3.144 0.85 145.6 1.876 0.91
Rib 9 – – – 144.6 1.866 0.90
Rib 10 – – – 66.0 3.034 0.90
In lieu of the costly and time-intensive measuring devices used to determine the force/stress
distribution, the established equations can be used to represent the nonuniform and 3-D state
of the tire contact forces. The following is a summary of a procedure for determining the
variation of contact forces per unit length and contact length:
1. Define type of tire (NG-WBT or DTA) and specific rib (1 to 8 for NG-WBT and 1 to
10 for DTA) for which q¯z, q¯y, and l will be determined.
2. Obtain values of k1-k3 and c1-c5 for the variables in step 1 from Table 3.1 through
Table 3.3, respectively. Recall that k1-k3 and c1-c5 are different for q¯z and q¯y.
3. With P , S, k, and c values, calculate n and α using Eq. (3.4) and (3.5).
4. To compute the contact length for the specific case defined in step 1, extract d1 and
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d2 from Table 3.4 and replace these values in Eq. (3.6).
5. To calculate q¯z and q¯y, use P , n, and α values in Eq. (3.3).
For instance, assume the input parameters are Rib 2 of the NG-WBT with P=26.6 kN
and S=862.0 kPa. From Table 3.1 The n-coefficients are k1=1.093, k2=8.159, k3=−0.567
for q¯z, and k1=1.124, k2=11.402, and k3=−0.889 for q¯y. From Table 3.2, the c-coefficients
are c1=0.056, c2=−0.366, c3=−0.025, c4=1.280, and c5=0.038; and c1=−0.010, c2=0.448,
c3=0.023, c4=−4.428, and c5=−0.013 for the vertical and transverse forces, respectively.
Using Eqs. (3.4) and (3.5), we can calculate:
nz = 0.8212 (3.7)
ny = 0.6613 (3.8)
αz = 0.0531 (3.9)
αy = 0.0094 (3.10)
Moreover, the contact length parameters are d1 = 117.7 and d2 = 2.182; therefore, with Eq.
(3.6) l = 175.7 mm. Finally, using Eq. (3.3), the average vertical and transverse contact
forces per unit length are obtained:
q¯z(ξ) = 0.0129
(
1− ξ1.642) (3.11)
q¯y(ξ) = 0.0025
(
1− ξ1.322) (3.12)
3.5 Summary
Tire-pavement contact loads possess two important characteristics that significantly affect
pavement responses: non-uniformity and three dimensionality. Experimental data for two
truck tires, NG-WBT and DTA, were measured and analyzed to emphasize the importance
of considering realistic contact loads. The ratio of transverse and longitudinal contact forces
with respect to the vertical contact force were found to be higher for NG-WBT than DTA.
The results also indicated considerably high magnitudes of the transverse contact load,
regardless of the tire type, which asserts its relevance in pavement analysis.
Nevertheless, the procedure for collecting a test matrix comprising various applied loads
and inflation pressures at a facility is expensive. Therefore, a set of equations were proposed
to represent contact loads in the vertical and transverse directions. Input parameters are
tire type, applied tire load, tire inflation pressure, distance along the contact length, and
two regression parameters. The regression analysis presented an improved fit for the vertical
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load scenario more than the transverse load, which was especially apparent for NG-WBT
than DTA. Moreover, the coefficient of determination for the two regression variables used
for the contact loads tended to be lower near the edge ribs compared with the middle area.
To determine contact stresses, the loads (or forces) were divided by the appropriate contact
area. The regression analysis enhanced the expected linear relationship of the contact length,
wherein the coefficient of determination was high and uniform across the ribs. Still, the
contact width could not be obtained accurately because of the complexity of the tire rib
and given tread geometry. It should also be noted that the boundary of the proposed
simplified procedure included two specific tire types used in the analysis, and the applied
load and tire inflation pressure value combinations. Nonetheless, this study demonstrated
the feasibility of a simplified procedure for analyzing tire-pavement contact loads in the
vertical and transverse directions.
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CHAPTER 4
HYPERELASTIC MODELING OF WIDE-BASE
TIRE AND PREDICTION OF ITS CONTACT
STRESSES
Description of tire model development using FE method is presented in this chapter. Three-
dimensional tire-pavement contact stresses were predicted for braking, traction, and free
rolling using the FE method. Measured load-deflection curves, contact area, and contact
stresses were used for model outcome validation. Slide-velocity-dependent friction and accu-
rate input regarding geometry and material properties were considered. The developed tire
model, which helped in studying contact stresses variation in each direction, was used to ex-
plain the various phenomena taking place at the tire-pavement interface during straight-line
rolling. The analysis matrix includes nine rolling conditions and various loads, tire inflation
pressures, and speeds. Vertical contact stresses were not significantly affected by speed or
slip ratio; however, contact stresses were greatly modified along the in-plane directions by
rolling conditions. Analytical expressions were introduced to represent vertical and longitu-
dinal contact stresses for full braking and full traction. Formulas are presented for low speed
and full braking, which are relevant for roadway intersections design.
4.1 Introduction
The tire-pavement contact phenomenon has important implications not only on vehicle
safety, maneuvering, and fuel consumption, but also on pavement response and damage
quantification. Pavement surface distresses are relatively easier to remedy; therefore, pave-
ment design methodologies focus on localizing damage on the upper pavement layers [2]. In
addition, appropriate characterization of contact loading has proven relevant when evaluat-
ing stresses and strains in pavement structures, mainly at points close to the surface [12].
This chapter addresses the characterization of tire-pavement interaction using FE and ex-
perimental measurements for validation.
The FE modeling of tires has continuously evolved as computational powers have increased
[35]. Ghoreishy et al. [36] considered incompressible hyperelastic rubber and rebar elements
for tire reinforcement when studying a typical car tire. Based on a parametric study, the low
36
effect of friction coefficient on vertical contact stresses and its relevant influence on contact
shear were obtained. Similarly, Wang and Wu [37] reported gains of longitudinal contact
stresses with the increase of friction coefficient; however, they did not observe any influence
of tire inflation pressure on transverse contact stresses.
Wang et al. [38] applied a tire FE model in pavement analysis. Even though rubber
materials were assumed linear elastic with a Poisson’s ratio of 0.49, large displacement
and geometric nonlinearity were considered. The model was calibrated with load-deflection
curves and validated using measured contact stresses. Various rolling conditions were ana-
lyzed (free-rolling, braking, traction, and cornering). Increasing longitudinal contact stresses
were observed during braking. The model was improved to include velocity-dependent fric-
tion [39]. In their study, Wang et al. [39] showed that braking and traction resulted in higher
longitudinal contact stresses, but smaller transverse contact stresses compared with the free-
rolling condition. During cornering, in-plane contact stresses were greater than the contact
stresses in the free rolling condition. The study concluded that constant friction coefficient
is acceptable for free rolling and small-slip angles, but not for braking and traction.
Gruber and Sharp [40] modeled a racing tire, giving special attention to braking. The
model assumed rubber as hyperelastic (Mooney-Rivlin) in addition to constant friction coef-
ficient (µ=0.5) and speed (V=19.4 m/s). The results obtained agree with the trends reported
in the literature. The important influence of carcass deformation on shear stress distribution
was reported. Based on these results, Gruber and Sharp [41] developed a physical tire model,
which divided the tire into three main components: rigid wheel, flexible carcass, and rubber
tread. The approach developed was used to assess the significance of contact patch geom-
etry, contact pressure distribution, carcass flexibility, rolling radius variation, and friction
coefficient on shear forces at tire-surface interface. Rolling radius and friction were found to
be essential for determining the magnitude and distribution of shear forces.
In this chapter, a NG-WBT is modeled to study the three-dimensional tire-pavement
contact stresses. A detailed description of the developed FE model is presented. The contact
stresses are studied at braking, free rolling, and traction. Special attention is given not only
to contact stresses magnitude, but also to the shape of variation along the contact length.
Finally, mathematical expressions with potential use in the design of road intersection are
presented.
37
4.2 Finite Element Model Development
4.2.1 Geometry
The modeled NG-WBT is 445 mm wide; the ratio between the tire’s height and width
is 50%; the rim’s diameter is 571.5 mm and the radius is 508.3 mm. Dimensions of the
tire’s cross section were accurately measured. The NG-WBT consists of five belts, with
a specific orientation and width as presented in Table 4.1. The belt closest to the tire’s
interior was labeled Belt 1 and the one closest to the tread was labeled Belt 5. Table 4.1
shows the number of reinforcement cords in 10 mm; this information was used to infer the
reinforcement spacing. All belts were hosted in the 8.2-mm-thick belt packaged.
Table 4.1: Belt’s Width and Reinforcement Orientation
Belt Width Orientation Spacing Area
(mm) (mm) Cords/10 mm (mm2)
Belt 1 315.7 89.0 33 1.370
Belt 2 367.3 18.0 43 0.852
Belt 3 274.8 0.0 49 1.885
Belt 4 343.2 20.0 43 0.811
Belt 5 312.2 18.0 31 1.885
Ply – 90 39 0.657
The thickness of the inner liner, which is the inner-most tire component, is 2.1 mm. In
addition, the distance between the inner liner and the belt package (body ply thickness) is
3.6 mm. Thickness of the tread in the middle of the tire is 26.5 mm, while thickness of the
crown is 40.4 mm (summation of the inner liner, body ply, belt package, and tread). The
shoulder dimension, or the distance from the corner of the outer tread to the inner surface
of the tire measured perpendicularly, is 9.9 mm. The tire’s bead consists of a rectangular
array of wires (8×6), each wire is 2.0 mm wide and 1.3 mm long.
4.2.2 Material Properties
Mooney-Rivlin model was adopted to characterize the behavior of rubber. In this model,
the stored strain energy for a hyperelastic incompressible material is given by:
W = C10(I1 − 3) + C01(I2 − 3) (4.1)
where: W = strain energy density
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I1 and I2 = first and second principal invariants of the right Cauchy-Green
deformation tensor
C01 and C10 = empirically determined material constants.
Material constant C01 and C10 for the rubber components considered in this study were
provided by the tire manufacturer.
Tire reinforcement consisted of belts, plies, and the bead wire, which were assumed to
be linear elastic and were characterized following ASTM D882. In this test, a tensile load
was applied to properly clamped reinforcement samples, and the deformation was measured.
A typical stress-strain curve showed an initial portion with very low slope as a result of
the initial setting of the load. During calculation of the elastic modulus, this portion was
discarded and only the linear part was considered. Five samples were tested for each material,
and the average of the five moduli was used as input in the FE model.
4.2.3 Tire-Pavement Friction
Wang et al. [39] examined poor and good pavement macrotexture using the slide-velocity-
dependent model [42,43] which was numerically implemented by Oden and Martins [44]. In
the present chapter, the intermediate macrotexture was assumed as representative of most
pavements. A static and dynamic friction coefficient of µs=0.30 and µk=0.17, respectively,
were used to define the slide-velocity-dependent friction model along with a decay coefficient
of dc=0.0002 s/mm.
4.2.4 Arbitrary Lagrangian-Eulerian Formulation
Steady-state transport analysis was used to perform numerical calculations and predict tire-
pavement contact stresses [45]. This approach is based on the arbitrary Lagrangian-Eulerian
(ALE) formulation, which combines the advantages of the Lagrangian and Eulerian ap-
proaches [46]. ALE formulation can transform a dynamic problem, such as steady-state
rolling, into a problem where all derivatives are related to space variables. In addition, the
mesh refinement needed to handle contact problems can be localized to the region that may
be in contact with the rolling surface rather than extending to the whole circumference of
the tire.
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4.2.5 Analysis Sequence
To take advantage of the various symmetries in the static analysis of the tire, the 3-D analysis
was divided into two consecutive phases: axisymmetric and 3-D model (Figure 4.1). In the
axisymmetric model, the geometry of the tire’s cross section is defined along with the element
types and material properties. The main boundary condition identified in this model was
the tire-rim contact region. The axisymmetric model was only subjected to tire inflation
pressure.
Figure 4.1: Analysis sequence.
The axisymmetric model was revolved with respect to the tire’s axis to create the 3-D
model. In this phase, road and tire were in contact, and the load was applied. Surface-
to-surface contact was adopted because it better represents the contact stresses [45]. In
addition, fixed boundary conditions at the tire-rim contact were defined.
4.2.6 Mesh Configuration
Because of the complexity of the tire structure, special elements were used for tire modeling.
A combination of general Cartesian elements in the potential contact region and cylindrical
elements in the remaining region provided an efficient balance between accuracy and small
computational time. Cylindrical and general Cartesian elements were assigned to different
sectors of the tire’s circumference. Assuming that θ = 0◦ represents the positive z-axis
(i.e., perpendicular to the rigid surface) and it is measured clockwise; general elements were
located in the sector 150◦ < θ < 210◦, which was assumed to be the potential tire-surface
contact sector. Accordingly, the sector 0◦ < θ < 150◦ and 210◦ < θ < 360◦ contained
cylindrical elements.
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Rubber is an incompressible material and, therefore, hybrid formulation was chosen for
behavior modeling. Conversely, reinforced rubber was modeled using rebar elements. This
approach was followed to avoid homogenization of steel reinforcement and surrounding rub-
ber. Each component was considered independently. The material properties obtained in
the laboratory for rubber and reinforcement could be directly used in the model definition.
Surface elements, embedded in host elements (rubber material), were specified for reinforce-
ment. The reinforcement, or rebar layer, was fully defined by specifying the cross-sectional
area, spacing, material properties, and orientation as presented in Table 4.1.
The most efficient mesh configuration regarding element size was the configuration that
provided accurate results with the least amount of elements. Therefore, instead of using
a specific response as indicator of accuracy (e.g., maximum deflection), total strain energy
was used. A mesh with strain energy within 5% of the finest mesh was considered accurate.
Various mesh configurations were tested in the axisymmetric and full tire model until the
optimum was found.
4.2.7 Validation
To corroborate the accuracy of the developed tire FE model, validation was implemented.
The material properties in the tire structure were slightly modified to match experimentally
measured contact area (Ac) and deflection (d) when P=44.4 kN and S=690 MPa.
A parametric study was performed as part of the validation. Material constants of each
tire component varied to assess their impact on Ac, d, and vertical contact stresses. The
deflection and contact area were mainly affected by the sidewall and tread, respectively. The
effect of sidewall on 3-D contact stresses and contact area for various rolling conditions was
assessed. The maximum percentage change of the L2-norm of the vectors storing the output
at the contact nodes was 9.3% (C01,sidewall was changed between 1.5 and 2.25 MPa).
Convergence issues were observed in the bead area because of the great difference in
stiffness between the bead wire and bead filler. Homogenization was used to address this
issue and, thus, one material was assigned to the region occupied by the bead filler and the
bead wire with properties proportional to their corresponding area in the cross section.
During validation, material properties were fixed and experimental and calculated contact
area, deflection, and maximum vertical contact stresses for the other loads (P =26.7, 35.6,
and 44.4 kN) and tire inflation pressures (S =552, 690, and 758 kPa) were compared. The
difference between measured and calculated deflection, contact area, and maximum vertical
contact stresses is presented in Figure 4.2. The mean absolute percentage error (MAPE)
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was used as criteria, which is given by:
MAPE =
100
m
m∑
i=1
∣∣∣∣Measi − CalciMeasi
∣∣∣∣ (4.2)
where m is the number of measurements. The static model was used for Ac and d, which
better represented the laboratory condition during measurement. Figures 4.2(a)-(b) show
a good agreement for contact area and deflection (MAPE = 4.2 and 8.5%, respectively).
It must be noted that from a pavement engineering point of view, the contact area is more
relevant than deflection.
To compare contact stresses, a free-rolling model was used on a rigid surface with high
friction coefficient. The agreement for maximum vertical contact stress in each rib was not
as good as for Ac (see Figure 4.2(c)). Ribs 4 and 5 only provided the most reliable contact
stresses because of restrictions of the measuring equipment [47].
10 20 30 40 50
dmeas (mm)
10
20
30
40
50
d
ca
lc
 (
m
m
)
MAPE=8.5%
Equality Line
Data Points
(a) Deflection
4 5 6 7 8
Ac,meas (dm
2 )
4
5
6
7
8
A
c,
ca
lc
 (
d
m
2
)
MAPE=4.2%
Equality Line
Data Points
(b) Contact Area
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
σmax,meas (MPa)
0.4
0.5
0.6
0.7
0.8
0.9
1.0
σ
m
a
x
,c
a
lc
 (
M
P
a
)
MAPE=20.4%
Equal
Rib 1
Rib 2
Rib 3
Rib 4
Rib 5
Rib 6
Rib 7
Rib 8
(c) Maximum σz
Figure 4.2: Measured vs. calculated: (a) deflection; (b) contact area; and (c) maximum
vertical contact stresses in each rib.
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4.3 Numerical Analysis Matrix
After the tire model was developed and validated, it was used to calculate tire-pavement
contact stresses of a tire rolling on an infinitely rigid surface. Three values of load (P=26.7,
35.6, 44.4 kN), tire inflation pressure (S=552, 690, 758 kPa), and speed (V=8.0, 65.0, 115
km/h) were considered. For each speed, not only the free-rolling condition was studied, but
also braking and traction. Braking and traction conditions were defined using the slip ratio:
sb = 1− Rfrω
V
(4.3)
st = 1− V
Rfrω
(4.4)
where: sb and st = slip ratio for braking and traction
Rfr = free-rolling radius
ω = angular speed
V = traveling speed
The ratios sb and st can vary between 0 and 100%: sb = st =0 indicated free rolling, sb =100%
indicated full braking, and st =100% indicated full traction. Based on the variation of the
driving torque (Ty) vs. the angular speed (ω), sb = st =7% was found to represent full
braking and traction respectively. As part of the analysis matrix, four values of sb and st
were considered: sb=st=1.5, 3.0, 4.5, 7.0%. The numerical analysis matrix is summarized
in Table 4.2.
Table 4.2: Values of Load, Tire Inflation Pressure, Speed, and Rolling Condition Considered
Load Pressure Speed Braking Traction
(kN) (kPa) (km/h) (Slip %) (Slip %)
P1=26.6 S1=552 V 1=8 B1=1.5 T1=1.5
P2=35.5 S2=690 V 2=65 B2=3.0 T2=3.0
P3=44.4 S3=758 V 3=115 B3=4.5 T3=4.5
B4=7.0 T4=7.0
4.4 Contact Stresses at Free-Rolling
Free rolling, which is characterized by the absence of driving torque, was used as a reference
to compare the effect of braking and traction on the 3-D contact stresses. The distribution of
contact stresses was studied for the loads, tire inflation pressures, and the speeds considered.
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Figure 4.3 shows the typical variation of contact stresses in the longitudinal, vertical, and
transverse directions (σx, σy, and σz, respectively) when P=44.4 kN and S=690 MPa for
various speeds. The behavior for the other loading cases was similar.
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(a) Vertical.
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(b) Longitudinal.
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(c) Transverse.
Figure 4.3: Variation of contact stresses along contact length for free rolling, P=44.4 kN,
and S=690 kPa: (a) vertic l; (b) longitudinal; and (c) transverse direction.
The distribution of contact stresses in the three directions was not greatly affected by
speed mainly because the material model is not time-dependent. This was the case with
free rolling only, as speed greatly affected some of the stress components in the other rolling
conditions.
Load and tire inflation pressure had a varying effect on vertical contact stresses. Tire
inflation pressure mainly modified the peak value along the contact length. Along the
third set of nodes in Rib 5, for instance, at P=26.7 kN, the maximum vertical contact
stresses (σz,max) changed from 0.71 MPa when S=552 kPa to 0.91 MPa when S=758 kPa,
an increment of 28%. Conversely, the contact length decreased 9.1%. The load remained
constant, so the tire balanced the change in inflation pressure by reducing the contact length
and increasing the peak vertical contact stress.
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The applied load had a reverse effect on vertical contact stresses. When the pressure
remained constant and the applied load increased, peak σz remained almost constant. The
contact length increased 28% when the tire inflation pressure remained constant at 552 kPa,
and the load changed from 26.7 to 44.4 kN. As the load increased, the highly compressed
zones in the tread reached their load-carrying capacity. Therefore, the tire increased its
contact length to compensate the increment in the applied load.
The variation of longitudinal contact stresses along the contact length is defined by the
relative deformation of the tread with respect to the contact surface, which is linked to the
sliding velocity and its variation along the contact length [48, 49]. At the entrance and exit
of contact, the tread travels faster than the road and the direction of this velocity changes
once or twice during contact. This was observed in the variation of σx along contact length,
where the plots crossed the horizontal axis once or twice.
Regardless of the number of changes in the direction of σx, a positive and a negative peak
with similar magnitude were observed for the analyzed P and S values. The magnitude
of these peaks increased because of the applied load and decreased as a result of the tire
inflation pressure. This behavior can be explained by the effect of P and S on the contact
length. The increase of tire inflation pressure reduced contact length, thereby resulting in a
limited distance for relative displacement to build up. Conversely, the applied load increased
the contact length, thus allowing for higher relative displacements to appear in the contact
length and, consequently, for higher longitudinal contact stresses.
Transverse contact stresses are primarily caused by the restriction of tread displacement
in the direction perpendicular to traffic. The transfer of load through the tire’s walls may
also influence the distribution of σy along the contact length. As shown in Figure 4.3(c),
a small negative peak was observed at the rear end of the contact length, which might be
caused by a combination of tensile longitudinal contact stresses and the influence of the load
transferred by the sidewalls in the transverse direction.
4.5 Contact Stresses at Braking
Four braking conditions, defined by slip ratios of sb=1.5, 3.0, 4.5, and 7.0% were studied
(7.0% slip was assumed to represent full braking). Figure 4.4 shows the variation of contact
stresses in the three directions along the third set of nodes of Rib 5 when V=8 km/h, P=44.4
kN, and S=690 kPa. Based on Figure 4.4(a), the main effect on σz is seen on the location
of its peak values. As sb increased, the location of σz,max slightly shifted farther from the
center of the contact length. Consequently, the resultant force would not be aligned with
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the center of the contact length. This phenomenon has implications on the distribution of
longitudinal contact stresses and rolling resistance.
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Vertical Contact Stresses - Braking, V=8.0 km/h
(a) Vertical.
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Longitudinal Contact Stresses - Braking, V=8.0 km/h
(b) Longitudinal.
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Transverse Contact Stresses - Braking, V=8.0 km/h
(c) Transverse.
Figure 4.4: Typical variation of contact stresses during braking for V= 8 km/h, P=44.4 kN,
and S=690 kPa: (a) vertic l; (b) longitudinal; and (c) transverse direction.
As shown in Figure 4.4(b), longitudinal contact stresses were greatly affected by the vari-
ation in braking condition when compared with free rolling. The variation of σx along the
contact length during braking results from the superposition of three elements [48]. The first
element affecting the variation of σx is distribution of longitudinal contact stresses during
free rolling. Second, a resultant torque with respect to y direction creates a reaction during
braking in the direction of traffic at the contact between the tire and the rolling surface. This
reaction is distributed as longitudinal contact stresses on the tire-surface contact. Third, as
the tire rolls, the surface constrains the longitudinal movement of the tread elements, which
translates into contact stresses along the traffic direction.
The effect of increasing the slip ratio on the distribution of σx along contact length is
shown in Figure 4.4(b). During free rolling (sb=0%), σx points in the direction of traffic
at the back of the tire and in the opposite direction at the front of the tire. As the slip
ratio increases (e.g., sb=1.5%), the components mentioned in the previous paragraph begin
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to accumulate until the limit imposed by the friction coefficient is reached. The points to
first attain the limit were located at the rear end of the tire; as the slip ratio increases (e.g.,
sb=3.0%), a greater portion of the contact length matched the maximum friction. At full
braking, all the points converged to the limit established by the friction coefficient. The
surge in longitudinal contact stresses causes the orientation of the in-plane shear stresses to
be predominantly pointing in the direction opposite to traffic. Consequently, the contact
stresses in the direction perpendicular to traffic decreased as sb increased. Figure 4.4(c)
shows the lowest σy for full-braking conditions.
Minimal variability of maximum σx was observed as the braking slip ratio increased (Figure
4.4(b)). Consequently, the peak longitudinal contact stress should not be used to assess the
potential severity of braking conditions on pavement responses. The total force transferred
by the tire through the nodes provided better insight into the effect of braking conditions
on contact forces. As expected from the variation of the vertical contact stresses with
contact length, the total vertical load carried by each rib did not change with speed or
braking condition. A different behavior was noticed for the longitudinal contact forces,
where the considered variables affected σx differently. The longitudinal force carried by each
rib increased as the speed changed from 115 to 8 km/h at the same braking condition. The
friction model adopted in this study considered the effect of sliding speed on friction between
the tire and rolling surface. As the speed decreased, the value of the friction coefficient
increased, which translated into higher longitudinal contact stresses and forces along and
across the tire as speed was reduced.
As the braking slip ratio increased, more points along the contact length reached the limit
defined by friction coefficient, so the role of friction became more important as sb increased.
Because the friction coefficient decreased by decreasing the sliding speed, the reduction of
longitudinal contact forces with speed was more pronounced at high sb values.
A surge in longitudinal contact forces was also noticed compared to free-rolling condition.
During free rolling, the longitudinal resultant force, Fx, only balanced the moment caused
by the offset of the vertical reaction. However, Fx also balanced the braking torque during
braking. The braking torque significantly increased Fx. Furthermore, for the three speeds
considered, the share of the total longitudinal contact force transferred by the edge ribs
increased with the increase of the applied load. At high load values, the sidewalls of the tire
transfer a higher fraction of the applied load, thus increasing the contact stresses.
The variation of the total reaction force in the longitudinal direction with speed, load,
inflation pressure, and braking slip ration is presented in Figure 4.5. A similar effect of the
variables on Fx was observed. First, Fx reduced its magnitude as the moving speed increased;
second, the difference between Fx at various P decreased as the braking slip ratio decreased;
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third, tire inflation pressure barely affected the reaction force in the traffic direction; and,
fourth, Fx was minimal at free rolling, but not equal to zero.
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Figure 4.5: Resultant force along the longitudinal direction during braking at: (a) V=8
km/h; (b) V=65 km/h; and (c) V=115 km/h.
4.6 Contact Stresses at Traction
Traction in a rolling tire is created when a positive driving torque is applied along the
rotation axis; in other words, when the tire rotates at an angular speed higher than the
free-rolling angular speed. st, as defined in Eq. (4.4), was utilized to characterize traction
using four values: st=1.5, 3.0, 4.5, and 7.0%. Three aspects were studied: i) variation of
3-D contact stresses along a representative set of nodes in the circumferential direction; ii)
force distribution carried by each set of nodes across the tire’s width; and iii) total resultant
in the direction of traffic.
The typical variation of contact stresses in the vertical, longitudinal, and transverse di-
rection when V=8.0 km/h, P=44.4 kN, and S=690 kPa is shown in Figure 4.6. Similar to
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the braking condition, V did not affect the variation of σz, and the location of σz,max was
slightly shifted from the center of the contact length. In this case, the location did not move
forward, but rather backwards.
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Vertical Contact Stresses - Traction, V=8.0 km/h
(a) Vertical.
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Longitudinal Contact Stresses - Traction, V=8.0 km/h
(b) Longitudinal.
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Transverse Contact Stresses - Traction, V=8.0 km/h
(c) Transverse.
Figure 4.6: Typical variation of contact stresses during traction for V= 8 km/h, P=44.4
kN, and S=690 kPa: (a) vertical; (b) longitudinal; and (c) transverse direction.
The same three components that generate σx in the braking condition apply during trac-
tion: Stresses resulting from horizontal reaction, free rolling, and deformation of the tread
element. Even though the free rolling condition is the same as in braking, the direction
of the other two components changed. As observed in Figure 4.6(b), when changing from
free-rolling to the first traction condition st=1.5%, the negative peak in the rare part of the
tire switched to positive. As previously explained, σx began to exceed the limit imposed
by friction from the rare part of the tire, thus creating a peak value. In some cases, the
variation of σx along contact length showed two negative peaks.
Even though Figure 4.6(b) does not show a significant difference between st=4.5% and
st=10% for the points at the rare region of the contact, a different behavior was observed
in the other speeds. If V 6= 8.0 km/h, σx exceeded the friction limit, but full traction
showed smaller longitudinal contact stresses than for st=4.5%. This may be caused by the
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smaller friction coefficient created by the higher slip rate at full traction when compared
with st=4.5%.
A clear effect of the degree of traction was observed on the transverse contact stresses.
As seen in Figure 4.6(c), both peaks in the variation of σy along contact length decreased
as st increased. Transverse contact stresses are mainly caused by the movement restriction
created by the ground. As the traction slip ratio increased, the tread element moved in the
longitudinal direction rather than the transverse one, causing a reduction in σy. As expected
from the unmodified variation in the vertical contact stresses, the total vertical force carried
by each set of circumferential nodes did not change with the change in speed or traction.
A similar behavior was also observed with the force in the longitudinal direction. First,
as st increased, the magnitude of longitudinal forces dramatically increased with respect
to the free-rolling condition. In addition, as speed increased, the force in the longitudinal
direction decreased; this can be explained by the reduction of the friction coefficient. It
was also noted that under full traction, the force was very similar to full braking, but with
an opposite sign, suggesting an antisymmetric behavior between braking and traction with
respect to the free-rolling condition. Under full braking and full traction, the magnitude of
contact forces in the longitudinal direction was controlled by the limit imposed by friction;
this limit remained constant regardless of the magnitude of the angular speed and direction
of movement.
The variation of the total resultant in the traffic direction (Fx) for the load, tire inflation
pressure, and speed cases is summarized in Figure 4.7. The behavior at full traction and full
braking was similar, but in different directions, as verified by comparing Fx in both cases
(Figure 4.7 for traction and Figure 4.5 for braking). It is also noted that the curves for
various tire inflation pressures were as coincidental as in braking, thus signaling a lack of
influence of S on Fx when the tire was subjected to traction. Finally, as observed in braking,
the effect of the applied load in Fx was reduced as st decreased.
4.7 Statistical Analysis
Regression analysis was applied to the variation of vertical contact stresses during free rolling
for the speed, load, and tire inflation pressure. For full braking and full traction, not only
vertical but also longitudinal contact stresses were fitted. Based on the equations presented
by Guo and Lu [34], the contact stresses in the vertical and longitudinal direction were
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Figure 4.7: Resultant force along the longitudinal direction during traction at: (a) V=8
km/h, (b) V=65 km/h, and (c) V=115 km/h.
assumed to be given by:
σz,y(ξ) =
αP
2ab
c1
(
1− ξ2n) (1− c2δξ) (4.5)
where: P = applied tire load (kN)
a = l/2 = half contact length (mm)
ξ = x/a = normalized distance along contact length
c1 = 1 +
1
2n
c2 = −32n+32n+1
n, α, and δ = fitting parameters
To accurately represent the variation of contact stresses, each rib i was divided into three
sub-ribs, and one variation of contact stresses σi,j was assigned to each sub-rib (i=1 to 8,
and j=1 to 3). σi,j was calculated considering the share of applied load carried by each sub-
rib [47]. Consequently, 24 equations are needed to fully determine the contact stresses in the
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vertical or longitudinal direction for a combination of applied load, tire inflation pressure,
rolling condition, and speed.
Not only was the coefficient of determination (R2) used to verify the quality of the obtained
equations, but also equilibrium. The resultant of the calculated vertical contact stresses
from Eq. (4.5) should be equal to the applied load. The average resultant-to-applied-load
ratio and coefficient of determination for all regressions performed were 0.987 and 0.962,
respectively.
Braking is particularly relevant in road intersections design, so the information needed
to determine vertical and longitudinal contact stresses at full braking and V=8 km/h was
provided. Figures 4.8 and 4.9 present the regression coefficients n, α, and δ for the vertical
and longitudinal contact stresses, respectively. The horizontal axis indicates each one of the
24 sub-ribs across the tire. Figure 4.10 shows the contact length and contact width for the
same rolling condition and speed.
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Figure 4.8: Regression parameters for σz at full braking and V=8 km/h.
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Figure 4.9: Regression parameters for σx at full braking and V=8 km/h.
4.8 Summary
Validated FE model for a NG-WBT was used to study the 3-D contact stresses at various
rolling conditions. The model included detailed tire geometry and laboratory-measured
material properties of rubber (hyperelastic) and reinforcement (linear elastic). In addition,
advanced features were included such as rebar elements, cylindrical elements, and sliding-
velocity-dependent friction. The analysis matrix included values of applied load, tire inflation
pressure, speed, and rolling condition, to cover the typical operating conditions of truck tires.
The study discussed the shape of contact stresses variation along each direction and the
effect of various variables. The vertical contact stresses are unaffected by the traveling speed
and rolling condition, but their shape and magnitude would change by applied load and tire
inflation pressure. The rolling condition affects the longitudinal contact stresses, where their
magnitude greatly increases as the severity of braking and traction becomes more relevant.
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Longitudinal contact stresses were successfully fitted to a mathematical expression, and
regression parameters were provided for the lowest speed at full braking (relevant for road
intersection design).
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Figure 4.10: Contact length and contact width at full braking and V=8 km/h.
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CHAPTER 5
CONTACT STRESSES OF FREE-ROLLING
WIDE-BASE TIRES: EFFECT OF SPEED AND
TEMPERATURE
The FE method was used to quantify the effect of temperature and speed on contact area,
deflection, and three-dimensional contact stresses of a free-rolling NG-WBT. The tire model
comprised material properties identified in the laboratory and/or provided by the tire manu-
facturer (visco-hyperelastic rubber and linear elastic reinforcement) and accurate geometry.
The analysis matrix consisted of 81 cases resulting from a combination of three loads, tire
inflation pressures, speeds, and temperatures. Four criteria were used to compare contact
stresses: range, average, root-mean-square error, and coefficient of determination. Speed and
temperature influence the contact area more than deflection. Longitudinal contact stresses
were the most affected, followed by transverse contact stresses. In general, under constant
load and tire inflation pressure, the influence of temperature was more significant on the
considered output variables than the effect of speed.
5.1 Introduction
The deteriorating pavement infrastructure [1] and pavement design philosophies focusing on
near-surface damage [2] challenged pavement engineers to improve their analysis procedures,
material characterization, and assumptions. When investigating loading conditions, tire-
pavement contact stresses usually receive special attention. Contact stresses are not only
directly related to various types of distresses (mainly close to the surface), but also the only
feasible manner to compare the effect of various tire types on pavement damage (e.g., DTA
vs. NG-WBT).
Several studies have highlighted the importance of 3-D tire-pavement contact stresses on
flexible pavement responses and damage. For instance, Myers et al. [10] included measured
contact stresses in BISAR and showed increasing potential of lateral contact stresses for de-
veloping surface cracking and near-surface rutting. Numerical predictions of primary rutting
also proved the influence of tire footprint details and the lack of relevance of nonuniform
contact stresses to rut depth and shape [50]. Additional analytical evidence was provided
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by Nivak et al. [51] in support of the relationship between low confinement and high shear
stresses (linked to surface rutting), while uniform vertical contact stresses were linked to
high confinement and low shear. Finally, Al-Qadi and Yoo [12] used validated FE pavement
model, which incorporated 3-D contact stresses, to relate in-plane contact stresses to near-
surface cracking and primary rutting. The level of impact depended on specific pavement
structures and loading conditions.
The assumption of constant contact stresses over circular contact areas led to overes-
timated and underestimated pavement responses at high and low tire inflation pressures,
respectively [52]. Wang and Al-Qadi [37] used moving load with 3-D contact stresses to
show contact stresses relevance not only to near-surface responses but also to transverse
tensile strain at the bottom of AC and compressive strain at the top of the subgrade. Fur-
thermore, Wang et al. [53] coupled tire and pavement in a single FE model to show higher
proximity of the stress state close to the surface to the Mohr-Coulomb failure surface.
Temperature has been considered in tire modeling for predicting rolling resistance and
temperature distribution, but limited attention has been given to its influence on 3-D con-
tact stresses. Park et al. [54] performed thermomechanical analysis using the FE method
to predict temperature distribution in steady-state rolling tires. The steady state, tran-
sient temperature distribution, and rolling resistance were predicted by Ebbott et al. [55].
Marasimha Rao [56] used the mixed ALE formulation to calculate steady temperature dis-
tribution of 3-D rolling tires, which can be extended to tires with tread patterns. Using a
similar approach, Suwannachit and Nackenhorst [57] calculated temperatures and contact
pressures of axisymmetric tires considering large deformations, viscous hysteresis, dynamic
stiffening, internal heating, and temperature dependency. Recently, Srirangam et al. [58]
predicted the distribution of tire temperature while considering the effect of temperature on
hysteretic friction using a thermomechanical analysis.
The main objective of this chapter is to evaluate the influence of temperature and speed
on the 3-D tire-pavement contact stresses at free rolling using validated FE modeling. A
main tire component, rubber, was modeled as visco-hyperelastic with material constants
determined from laboratory testing and/or provided by the tire manufacturer. In addition,
the FE model was used to calculate 3-D contact stresses during free rolling for typical values
of axle load and tire inflation pressures at various temperatures and traveling speeds.
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5.2 Finite Element Model Development
The general-purpose FE software ABAQUS was used to model a NG-WBT 445/50R22.5.
The geometry was defined by the global dimensions of the tire and details in the cross
section. The global dimension (radius, height, and rim radius) can be inferred from the tire’s
nomenclature. The tire’s physical cuts were analyzed to determine the geometric details of
the cross section. The belts’ cross section details and orientation were also measured.
Rubber and reinforcement were modeled as visco-hyperelastic and linear elastic, respec-
tively. The Prony series terms and Mooney-Rivlin constants of rubber were obtained based
on the regression analysis of the frequency sweep test results of four tire components: tread,
subtread, sidewall, and shoulder. The stress-strain results obtained from the uniaxial tension
test (ASTM D882) were used to determine the elastic modulus of each belt. More details
regarding the material models will be provided in Chapter 6.
The type, size, and distribution of the finite elements were defined through a mesh sen-
sitivity analysis. The size of the finite elements were changed until the coarsest mesh with
strain energy within 5% of the finest mesh was obtained. This approach was applied in the
cross section and the 3-D model. Four main types of finite elements were used: cylindrical,
hybrid, rebar, and Cartesian. The cylindrical elements cover bigger arc lengths accurately,
thus reducing the total number of elements needed in the circumference of the tire [59, 60];
hybrid elements are ideal to model incompressible materials such as rubber; rebar elements
are used to model tire reinforcement by inputting the rubber and belts properties inde-
pendently to avoid homogenization [61]; and Cartesian elements are more accurate when
calculating contact stresses [45].
The FE analysis was divided into three phases: axisymmetric, three dimensional, and free
rolling. The cross-sectional dimensions, material properties, and tire inflation pressure were
assigned in the axisymmetric phase. The axisymmetric was model revolved to generate the
3-D model, where the axle load was applied. Finally, the free- rolling state was determined
by an iterative procedure where the angular speed was modified until the reaction torque was
negligible. The last phase was performed using the steady-state transport analysis capability
of ABAQUS.
Finally, the friction between the tire and the rolling surface was defined by the Coulomb
model [39]; the FE model has been validated using experimental measurement of deflection,
contact area, and vertical contact stresses [62]. Four variables were considered in the nu-
merical analysis matrix: axle load (P ), tire inflation pressure (S), tire temperature (T ), and
speed (V ). This model assumed uniform temperature distribution in the tire, serving as a
base for more elaborated thermo-mechanical analysis. Three values of each variable were
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Table 5.1: Values of Load, Tire Inflation Pressure, Speed, and Temperature Considered
Load Pressure Speed Temperature
(kN) (kPa) (km/h) (◦C)
P1=26.6 S1=552 V 1=8 T1=25
P2=35.5 S2=690 V 2=65 T2=45
P3=44.4 S3=758 V 3=115 T3=65
analyzed, rendering a total of 81 scenarios for analysis as summarized in Table 5.1.
5.3 Variation Along the Contact Length of 3-D Contact Stresses
Figure 5.1 shows a sample of the contact stresses variation in the vertical, transverse, and
longitudinal direction (σz, σy, and σx, respectively) along the tire’s contact length at a central
rib. In the case of σz and σx, distribution along the center of the rib is presented, while the
edge of the rib was chosen for σy. The vertical axis represents the value of corresponding
contact stress, while the horizontal axis represents the distance along the contact length x.
The center of the tire in the undeformed configuration is located at x=0.
The vertical contact stresses, which are very similar in magnitude to the contact pressure,
are shown in Figure 5.1(a) (vertical contact stresses and contact pressure will be used inter-
changeably in this chapter). Vertical contact stresses always have the same sign and result
from the superposition of the support provided by the sidewall, bending and shear defor-
mation of the thread, and buckling and stiffness of the tread [48]. Load and tire inflation
pressure affected the shape of σz. Increasing P at constant S created a plateau at the center
of the contact length because the rubber reached its load-carrying capacity. The length of
the plateau propagated from the center of the contact patch. In addition, increasing S aug-
mented the peak vertical constant stresses and had an opposite effect on the plateau’s length
compared with P as the higher tire inflation pressure decreased the plateau’s length. On
the other hand, temperature and speed did not significantly change the shape of variation
in any direction, but higher temperature reduced the peak σz, which increased with higher
speed.
Figure 5.1(b) presents the variation of the transverse contact stresses along contact length.
The distribution changed with respect to rib locations and the location inside the rib. The
plot corresponds to the edge of a central rib. None of the variables significantly changed
the shape of the variation along the contact length. At the edge of an inner rib, transverse
contact stresses have two peaks, a positive peak and a negative peak. The negative one is
located at the rare part of the contact, and it is linked to points reaching the limit established
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by friction. Consequently, it was not affected by S, P , V , and T . The positive peak is related
to the restrained motion of the thread, and it increased as the temperature increased. The
positive peak slightly diminished with speed, mainly at the lowest temperature. Finally, the
positive peak was more affected by tire inflation pressure than by load.
A typical variation of the longitudinal contact stresses is given in Figure 5.1(c). The
longitudinal contact stresses had two negative peaks and one positive peak, which are related
to the relative motion between the tread and the rolling surface [48]. The three peaks were
higher for the lowest temperature and any combination of the other variables, with a more
significant difference observed between T1 and T2 than between T2 and T3. In contrast
to σy, applied load was more relevant than tire inflation pressure for the peak values of σx.
Finally, speed increased all three peaks.
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(a) Vertical Contact Stresses.
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(b) Transverse Contact Stresses.
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(c) Longitudinal Contact Stresses.
Figure 5.1: Typical variation of 3-D contact stresses along the contact length for V 1.
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5.4 Tire Contact Area and Deflection
Figure 5.2 and Figure 5.3 present the change of the contact area (Ac) and deflection (δ) with
respect to the values in Table 5.1. Each plot is divided into three sections, corresponding to
each tire inflation pressure. At the same time, the sectors are divided into groups of points
with the same applied load. Nine points resulted from the combination of three speeds
and three temperature for each S-P pair; points with the same mark shape had the same
temperature (circle, T=25 ◦C; triangle, T=45 ◦C; and square, T=65 ◦C). Speed increased
at each of the three consecutive data points.
In general, the contact area decreased with speed and tire inflation pressure and increased
with temperature and load. The greatest influence was caused by P for all combinations
of variables. Temperature and speed had a small impact on the contact area. The highest
drop created by V between its extreme values was 3.8%, and the largest increment caused
by temperature was 6.5%.
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Figure 5.2: Effect of temperature and speed on contact area.
The effect of temperature and speed was less on tire deflection compared with the contact
area. The highest reduction in deflection caused by temperature was observed when the tire
was subjected to a load of 26.6 kN and a tire inflation pressure of 552 kPa traveling at the
highest speed. Under this conditions, δ changed from 24.99 mm when T=25 ◦C to 25.58 mm
when T=65 ◦C, an increment of 2.4%. In addition, the largest diminution occurred at the
same load and tire inflation pressure at the lowest temperature, changing from 25.54 mm at
V=8 km/h to 24.99 mm at V=115 km/h (2.1%).
Based on the FE results, a regression analysis was performed to predict the contact area
and deflection depending on load, tire inflation pressure, speed, and temperature. The
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Figure 5.3: Effect of temperature and speed on tire deflection.
general equations are as follows:
Ac = k1 · Sa1 · P b1 · V c1 · T d1 (5.1)
δ = k2 ·
√
P + k3 · P + a2 · S + b2 · T (5.2)
where: k1,2,3, a1,2, b1,2, c1,2 are the regression coefficient. The final expressions for Ac and δ
were found as:
Ac = 451.4× P
0.6305 · T 0.0841
S0.3341 · V 0.0108 (5.3)
δ = 0.2610 ·
√
P − 2.813× 10−5 · P − 0.0297 · S + 0.0205 · T (5.4)
Figure 5.4 compares the contact area and deflection from the FE analysis and the ones from
the regression analysis; the corresponding coefficient of determination R2 was very high.
5.5 Range and Average of 3-D Contact Stresses
The range in which the contact stresses varied and their average contact stresses are presented
in Figure 5.5. The continuous lines represent the maximum and the minimum values, while
the marks correspond to the average. The plots have a similar configuration as shown in
Figure 5.2, which facilitate visualization of the considered variables in a single plot. The
applied load was the most relevant variable for the average and maximum contact pressure.
However, the effect of P was significantly higher for the maximum σz than for the average σz.
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Figure 5.4: Comparison of results from FE model and proposed equations for Ac and δ,
respectively.
For instance, at the lowest tire inflation pressure and P=35.5 kN, V=65 km/h, and T=45
◦C, the mean σz was 0.552 MPa, which increased to 0.605 MPa, or 9.6%, after changing
the load to P=44.4 kN. On the other hand, for the same load increment, the maximum σz
increased 28.8% from 1.881 MPa at P2 to 2.423 MPa at P3.
All variables created the same trend on the average and maximum σz except for the
tire inflation pressure. The maximum vertical contact stress decreased with tire inflation
pressure, but the mean σz increased. Furthermore, the mean σz decreased with temperature
and increased with speed, with the effect of temperature being more relevant. The highest
diminution of mean contact pressure caused by extreme temperature was 8.2%. On the other
hand, the highest increment created by the extreme values of speed was 3.8%.
Speed and temperature had higher influence on the longitudinal contact stresses. Since
the variation of σx presented positive and negative peaks, the average was close to zero. The
maximum increment caused by speed on the positive and negative peaks were very similar:
17.0 and 17.2%, respectively. As in the case of vertical contact stresses, the influence of
temperature was more important than speed: the reduction of the maximum and minimum
σx was 33.1 and 25.8%, respectively.
As in the case of longitudinal contact stresses, the average transverse contact stresses
were close to zero because of the presence of positive and negative peaks. Even though
the maximum and the minimum σy were very similar in magnitude, the negative peak was
consistently higher than the positive peak. The effect of speed on the minimum σy was not
uniform for the combination of variables listed in Table 5.1. When V caused the minimum
σy to increase, the percentage increment was as high as 3.0%, and when V reduced the
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Figure 5.5: Range of values of 3-D contact stresses.
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minimum σy, the drop reached 3.7%. Similarly, the influence of temperature on the extreme
values of the transverse contact stresses was not uniform, but the magnitude change was
higher. The ratio between the minimum σy at the highest and lowest temperature varied
between 0.935 and 1.063, or, in other words, the reduction and increment caused by T was
as high as 6.3 and 6.5%, respectively.
5.6 Global Comparison of 3-D Contact Stresses
Even though range and average are good tools for comparing the tire-pavement contact
stresses, they are susceptible to extreme values. For instance, when the applied load in-
creases, the tire’s sidewalls carry more load and σz increases more at the tire’s edge than at
its center. Consequently, the increment of the maximum contact pressure reflects a localized
phenomenon instead of a change in the whole contact patch.
To complement the analysis performed in the previous section, the root-mean-square error
(RMSE) and coefficient of determination (R2) were adopted. Even though RMSE and R2
are not usually used to measure the effect of the variables of a problem, they can be used to
compare the 3-D contact stresses point by point, as shown in Figure 5.6. The 3-D contact
stresses in the foot region were stored in arrays, and RMSE and R2 were calculated taking
the lowest temperature and speed as reference for each combination of load and tire inflation
pressure. In Figure 5.6, the horizontal axis indicates the contact stresses for the specified
loading, (S1 P1 in this case) and the vertical axis are the contact stresses for the same
loading condition and the lowest speed and temperature. A cloud of points disperse with
from the equality line indicates higher different with respect to the reference case. The plot
also shows the corresponding RMSE and R2. The results for all loading conditions in each
direction are summarized in Figure 5.7 and Figure 5.8. Figure 5.7 focuses on RMSE and
its comparison with maximum magnitude of contact stresses, while Figure 5.8 presents the
variation of R2 for the combinations of variables introduced in Table 5.1.
The RMSE for the vertical contact stresses (RMSEz) becomes more relevant as it is
closer to the maximum magnitude of σz. For instance, when S=520 kPa, V=8 km/h, and
T=65 ◦C, RMSEz=0.0340 MPa when P=35.6 kN. The value is similar to 0.0320, which is
the RMSEz when P=44.4 kN. However, the maximum magnitude of σz for the same cases
are 1.848 and 2.379 MPa, respectively. This indicates a change in the ratio of RMSEz to
the maximum magnitude from 0.0143 to 0.0173 when changing the load between P3 and
P2, an increment of 21.0%. The highest ratio was 0.0287, which corresponds to S=690 kPa,
P=26.2 kN, V=8 km/h, and T=65 ◦C.
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Figure 5.6: Sample of global comparison of contact stresses.
Higher RMSEz was observed at the highest temperature, regardless of speed. The largest
magnitude of RMSEz , 0.035 MPa, occurred at a combination of intermediate tire inflation
pressure, highest load and temperature, and smallest speed. The lowest RMSEz when the
tire temperature was 65 ◦C, 0.0197 MPa, was greater than almost all the other RMSEz.
Furthermore, the effect of speed was not uniform. At the lowest temperature, RMSEz
increased with V , but it decreased with the two other temperature values.
As expected, the highest RMSEx was not as high as RMSEz, but it was more relevant
when compared with the maximum magnitude of σx. The highest ratio of the RMSE in the
longitudinal direction and the maximum magnitude was 0.105 (compared with 0.0287 in the
vertical direction). This value was observed when the temperature and tire inflation pressure
were the highest and the speed and load were the lowest. In the longitudinal direction, the
effect of temperature was not as dominant as in the vertical case. In other words, a high
temperature does not guarantee a significant RMSEx.
The variation of the RMSE in the transverse direction (RMSEy) with speed was similar
to the vertical case: it increased under the lowest temperature, but decreased under the
two other temperatures. For a constant tire inflation pressure and load, T=65 ◦C provided
RMSEy with the highest magnitude. However, the importance of temperature was linked to
the applied load; RMSEy was higher at high load and low temperature than at low load and
high temperature. The change of transverse contact stresses with speed and temperature
was not as high as for σx, but not as low as for σz . This is confirmed by the RMSEy (0.0064
MPa), and ratio between RMSEy and maximum magnitude of σy (0.0314).
Finally, the change of the coefficient of determination R2 in each direction with load,
tire inflation pressure, speed and temperature is shown in Figure 5.8. The graphic reinforces
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Figure 5.7: Root-mean-square error of 3-D contact stresses.
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most of the statements previously made for the effect of V and T on the 3-D contact stresses.
First, the highest R2 was observed for σz, followed by σy and σx. In other words, longitudinal
contact stresses were the most affected by speed and temperature. Second, the trend of R2
for σx and σy was similar, but it varied in magnitude. Third, the lowest coefficient of
determination was obtained for the highest tire inflation pressure and temperature, and
lowest speed and load: 0.8336. Fourth, R2 for σx and σy decreased with the increase in tire
inflation pressure.
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Figure 5.8: Coefficient of determination.
5.7 Summary
An FE model was used to study the influence of temperature and speed on deflection, con-
tact area, and 3-D contact stresses of free-rolling NG-WBT. The contact area increased with
temperature and decreased with speed: the highest increment caused by temperature was
6.8%, while the largest drop created by speed was 3.8%. Tire deflection was not significantly
modified by temperature and speed, with an approximate change of 2%. Two equations
were proposed to predict the contact area and deflection as a function of the input variables:
load, tire inflation pressure, speed, and temperature. Observing the variation of 3-D contact
stresses along the contact length, it was found that speed and temperature did not signif-
icantly modify the shape of the contact stresses, but changed the magnitude of the peak
values.
Longitudinal contact stresses were the most influenced by temperature and speed: the
increment of the peaks caused by speed was around 17%; the reduction of the extreme values
created by temperature was as high as 33.1%; and the highest ratio between the RMSEx
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and maximum magnitude was 10.2%. The same changes for the average vertical contact
stresses were 3.8, 8.2, and 2.9%. On the other hand, the transverse contact stresses ranged
between the longitudinal and vertical stresses. The change caused by temperature and speed
on minimum transverse contact stresses was approximately 6.0% and 3.0%, respectively.
Finally, the lowest R2 ,0.8336, corresponded to the longitudinal contact stresses at the highest
tire inflation pressure and temperature and the lowest speed and load.
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CHAPTER 6
BASELINE ROLLING RESISTANCE FOR TIRES’
ON-ROAD FUEL EFFICIENCY USING FINITE
ELEMENT MODELING
Calculation of truck tires rolling resistance, using the FE method and considering vari-
ables such as incompressible visco-hyperelastic rubber materials, accurate tire geometry,
and steady temperature distribution, is presented in this chapter. Rolling resistance was
calculated for three values of axle load, tire inflation pressure, temperature, and speed. In
addition, regression analysis was used to propose a mathematical expression for predicting
rolling resistance as a function of the considered variables. Finally, the contribution of tire’s
rubber components to the internal energy was quantified, and it was found that the sidewall
and subtread were the most relevant. The results of this study will help differentiate the con-
tribution of pavement parameters, such as mean profile depth and international roughness
index, to fuel efficiency.
6.1 Introduction
As part of the Climate Action Plan for the United States, higher fuel efficiency standards
will be established for all highway vehicles, including passenger cars and heavy trucks. These
standards aim at reducing greenhouse gas (GHG) emissions associated with the transporta-
tion sector. Transportation services consume nearly 29% of total energy use in the U.S.
and a big share is in the form of petroleum [17]. Even more, the American government
announced in June 2015 a plan to reduce truck emissions. The transportation sector is a sig-
nificant source of GHG emissions, accounting for 39% of total U.S. GHG emissions in 2011.
Hence, efforts by the transportation industry, including highway and trucking industry, are
currently focused on enhancing sustainability practices, such as reducing fuel consumption,
sustainable infrastructure materials, roadside elements, construction, and operations [63].
For example, the regulations imposed by the Environmental Protection Agency (EPA) limit
various sources of emissions for on-road and non-road vehicles and engines.
For semi-trucks fabricated from 2018, a 20% reduction in fuel consumption will be re-
quired [64]. Such targets can be achieved by improving engine technology, using alternative
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fuels, upgrading and maintaining old vehicles, and vehicle and tire design. Therefore, it is
important to understand vehicles fuel consumption mechanisms to be able to achieve such
goals.
The energy provided by fuel is used to overcome five resistive forces when the vehicle is
moving: rolling resistance, drag forces, internal friction in the vehicle, gravitational forces,
and inertial forces [65]. Tires greatly affect vehicles rolling resistance forces, thus contribut-
ing to energy consumption. Rolling resistance is directly related to vehicles tires, and its
contribution to fuel consumption has been quantified for various scenarios. For instance,
Schuring and Redfield assumed a linear relationship between rolling resistance and fuel con-
sumption and observed a variation in energy loss ranging between 7 and 17%, depending
on tire type and load [66]. The linear relation between rolling resistance and vehicle fuel
consumption was verified and updated by Schuring [67].
In addition, road surface characteristics play a role in the rolling resistance of tires. Mam-
mettii et al. reported 25–30% contribution of rolling resistance to fuel consumption depend-
ing on the road type (city, rural, or highway) [68]. LaClair and Truemner observed savings
of 4.77 lt/100 km on secondary roads and 5.49 lt/100 km on highway per 1 kg/T reduction
on rolling resistance [69]. The finding was based on measurements of a truck’s fuel con-
sumption, rolling resistance of tires, and validated modeling using the commercial software
AVL-CRUISE [69]. In general, fuel consumption and vehicle wear and tear correlate to
road surface smoothness. According to Chatti and Zaabat, a unit increase of roughness will
increase fuel consumption of passenger cars by about 2% and about 1% for heavy trucks,
respectively [70]. A linear relationship was established to indicate the correlation between
road roughness and additional fuel consumption for different classes of vehicles.
To understand the factors influencing the rolling resistance of tires and develop simplified
predictive models, mathematical expressions have been proposed in the literature to predict
rolling resistance based on experimental evidence and field observations. For example, Clark
assumed rolling resistance as a linear combination of applied load and the inverse of tire in-
flation pressure [71]. The obtained expression characterized a specific tire and needed three
experimental measurements to be fully defined. Grover proposed the equation for rolling
resistance currently used by Standard SAE J2452 [72]. The formula considered load, tire
inflation pressure, and speed. Although the formula provided very good fit, it did not con-
sider temperature. This drawback was addressed by Nielsen [73] who proposed an analytical
procedure that consists of five equations based on the individual effects of the variables con-
sidered on rolling resistance coefficient. The procedure accounted for temperature, velocity,
and load and provided good agreement with published results [73]. SAE J2452 expression is
adjusted in this chapter to include temperature effects without any system of equations.
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FE is another powerful tool used to predict rolling resistance. Even though the method
considers advanced features, such as tire-surface contact, incompressible visco-hyperelastic
materials, and large deformations, it requires considerable computational resources. Sim-
plified approaches have been adopted, thus affecting accuracy of the results. Shida et al.
estimated rolling resistance based on static analysis of the tire and laboratory-determined
viscoelastic properties of tire materials. The method was successful in capturing the trend
of the considered variables [74]. Ebbott et al. used a simplified thermomechanical approach
to compute rolling resistance and steady temperature distribution [55].
Some issues were observed when comparing FE simulation results with experimental mea-
surements because of the frictionless contact assumptions. Terziyski and Kennedy used FE
to calculate rolling resistance and steady temperature distribution of passenger cars. The
approach utilized a statically loaded tire model with linear elastic rubber with Poisson’s
ratio of 0.48. Coulomb friction was assumed between the tire and the surface with a coeffi-
cient of 0.75. The hysteresis was obtained by post-processing of the finite results. Measured
and predicted rolling resistance differed by more than 30%, which could be the result of the
inappropriate material model [75].
Tires rolling resistance is an important component of vehicles driving resistance. There-
fore, it is important to understand the mechanisms of tires rolling resistance and tires in-
teraction with the environment and road surface to improve accuracy of rolling resistance
prediction models, especially with the emergence of new tire designs that focus on reducing
fuel consumption, such as the NG-WBT [76–80]. Therefore, the objective of this chapter is to
develop a rolling resistance model for a truck tire based on numerical simulations, capturing
the complexity of tire design and operating conditions and its interaction with the environ-
ment and road surface. This chapter presents a baseline rolling resistance predictive model
for a truck tire developed using 3-D FE simulations. The ultimate objective is to expand
the baseline model to capture the contribution of road structure and surface conditions.
A brief background on rolling resistance is presented and details of tire FE model are
explained. The numerical analysis matrix is introduced to evaluate the effect of temperature,
speed, load, and tire inflation pressure on rolling resistance. Two approaches for calculating
rolling resistance are discussed: The first is based on the energy dissipated by the tire while
the second is based on the horizontal reaction force at the tire-pavement interface during free
rolling. A numerical expression for predicting the baseline rolling resistance of the analyzed
tire is also presented. Finally, the contribution of viscoelastic rubber components to the
internal energy is given.
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6.2 Rolling Resistance Definition
Rolling resistance is defined as the energy dissipated by the tire per unit distance traveled.
The sources of energy dissipation in the tire are the hysteresis of the material used for tire
fabrication, the friction between tire and pavement, and the friction between tire and air.
However, hysteresis has been the main focus of research because it represents 90-95% of the
tire-related rolling resistance [65, 71, 81]. When subjected to one loading cycle, the path
followed by the stress-strain curve is not the same when loading as when unloading. As a
consequence, the strain energy when the load is applied is not equal to the strain energy
when the load is removed. This behavior helps define total energy, dissipated energy, and
recovered energy as the area under the loading path, between loading and unloading path,
and under unloading path, respectively. Some studies have identified a close relation between
rolling resistance and loss ratio (ratio between energy dissipated and energy input) and loss
tangent (tangent of phase angle) for the same tire structure [82]. Rolling resistance from
material energy dissipation is identified as RRe.
A mechanical manifestation of rolling resistance is a horizontal force developed at the
contact between tire and road surface during free rolling (RRf ). Some studies have experi-
mentally proved this link. For instance, Pillai compared the rolling resistance from hysteresis
and horizontal reaction methods for car tires without treads and found good agreement [83].
It has been observed that RRf is directly proportional to the applied load (P ); the ratio
between RRf and P is known as coefficient of rolling resistance (Crr). Under specific as-
sumptions, energy balance was used to prove that Crr depends only on the loss ratio if the
term δb/Ac is constant, where δ is the tire deflection, b is the contact width, and Ac is the
contact area [84].
Two approaches for measuring rolling resistance are standardized by the Society of Auto-
motive Engineers (SAE) under SAE J1269 and SAE J2452 [85, 86]. SAE J1269 procedure
provides the steady rolling resistance tires for passenger cars, light trucks, heavy trucks, and
buses. The test is performed under constant speed and steady temperature (24 ◦C) with the
tire subjected to four combinations of load and inflation pressure. The loading conditions
depend on the maximum load of the tire and its base tire inflation pressure [85]. On the
other hand, SAE J2452 aims to represent the coastdown operation of vehicles and is based
on four combinations of load and tire inflation pressure, which are defined by the maximum
tire load and tire inflation pressure. For each combination, the speed varies as a function of
time between 15 and 115 km/h [86]. Wen et al. compared SAE J1269 and SAE J2452 for
passenger car tires and found good correlation between both procedures based on statistical
analysis [87].
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6.3 Tire Finite Element Model Development
A NG-WBT tire with a width of 445 mm and properly measured geometric details was
modeled using the FE method. The geometric details included distribution of materials
in the cross section and tread and groove thicknesses. The tire was assumed to be made
of five rubber elements (tread, subtread, shoulder wedge, sidewall, and bead filler) and five
reinforcement belts. The width, orientation, spacing, and cross-sectional area were measured
for each belt. The distribution of rubber components in the cross section is presented in
Figure 6.1.
Figure 6.1: Distribution of material properties in tire’s cross section.
The modeled tire was previously used in an experimental program aimed to measure
contact area and contact stresses [32]. The measurements were used to validate a previously
developed FE model of the tire [62]. The results obtained from a specific combination of
load and tire inflation pressure influenced the change of Mooney-Rivlin constants. After
that, another eight combinations of load and tire inflation pressure were used to validate the
model. The mean average percentage error for contact area, and deflection was 4.2%, and
8.5%, respectively.
6.3.1 Constitutive Models
Appropriate material models were used for the various tire components. Rubber was assumed
to behave as visco-hyperelastic material with long-term behavior as defined by Mooney-
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Rivlin model. Viscoelastic parameters in the form of Prony series were obtained from dy-
namic mechanic analyzer (DMA) tests conducted at different temperatures and frequencies.
The hyperelasticity component of the rubber constitutive relationship considers the large
deformation behavior under high truck loads and tire inflation pressures, whereas the vis-
coelastic component represents energy losses in the rubber as a result of load-unload cycles.
Figure 6.2(a) presents a sample of the DMA test results for a rubber component. Prony
series calculations and testing temperature errors are also shown. In addition, belts were
assumed linear elastic with experimentally obtained elastic modulus. Figure 6.2(b) shows a
test result sample for tension testing of the belts. The plot includes the results of five speci-
mens along with the average elastic modulus represented by the slope of the linear segment.
Finally, for the rolling tire, the Coulomb friction model with µ=0.30 was assumed at the
interface between the tire and the pavement.
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Figure 6.2: Sample of material testing and characterization: (a) visco-hyperelastic rubber,
(b) elastic belt.
6.3.2 Finite Element Mesh and Analysis
Various element types were used to properly model the complexity of the tire structure. The
tire volume was divided into two regions: the foot, which is the region in potential contact
with the ground, covered a 60 ◦-arc and was symmetric with respect to the vertical axis;
and the cylindrical elements, which exactly represent the curved geometries, were used in
the rest of the tire circumference [59,60]. Full integration elements were utilized in the first
region. Figure 6.3 shows both regions with a 3-D and side view of the tire model. In order to
properly account for incompressibility, hybrid elements were assigned in the regions occupied
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by rubber. Finally, reinforcement was modeled using rebar elements, which consider each
component, rubber and reinforcement, independently [61].
Figure 6.3: 3-D and side view of tire’s finite element model.
A convergence analysis based on the strain energy criterion was conducted to determine
the size of the cylindrical elements used in the mesh, including cross section and foot. There-
fore, strain energy was calculated for each mesh generated with various element sizes. The
reference solution was chosen to be the mesh with the finest element size. Optimum mesh
had strain energy within 5% the value of the reference solution. This procedure was applied
to the half-axisymmetric model to determine the size of elements in the cross section and to
3-D model to define the size of cylindrical elements and the elements in the foot region. The
mesh sensitivity analysis was performed assuming hyperelastic rubber materials. The final
mesh consisted of 60 full integration elements in the foot region (i.e., each element covered
1◦), and 40 cylindrical elements at each side of the foot.
The steady-state transport feature of ABAQUS was used to perform the calculation. This
approach is based on the ALE formulation, which combines the advantages of the Lagrangian
and Eulerian methods. In the case of rolling tire, the reference coordinate system is located
at the tire rotation axis, and the mapping between the initial and reference configuration is
a pure rigid body motion. The ALE approach transforms a dynamic problem into one with
spatial derivative and allows for the use of finer mesh at the tire-surface contact only.
The analysis was performed in three successive stages: i) axisymmetric tire model was
loaded with the tire inflation pressure; ii) the axisymmetric model was revolved to create
full 3-D model and tire load was applied; and iii) free-rolling analysis was performed. It
should be noted that during the static phase, frictionless interaction between tire and road
was assumed. The Coulomb friction model was applied when performing free-rolling analysis.
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6.4 Numerical Analysis Matrix
The numerical analysis matrix was designed to investigate the effect of typical truck tire
operating conditions on rolling resistance. Three values of load, tire inflation pressure,
temperature, and speed were combined to create 81 analysis cases. The tire inflation pressure
ranged from 552 kPa, which represents under-inflated tire, to 758 kPa, which is slightly
higher than recommended inflation pressure for most truck tires. The lowest and highest
load values were 26.2 and 44.4 kN. It must be noted that for a semi-truck with four axles,
the typical load is 37.8 kN on one tire. Traveling speeds were 8, 65, and 115 km/h, which
represent the range of truck speeds, including low speed in urban areas and high speed on
highways. Finally, tire temperature was assumed constant and equal to 25, 45, and 65 ◦C.
Table 6.1 summarizes the values of the variables considered. The effect of temperature on
tire inflation pressure was omitted.
Table 6.1: Values of Load, Tire Inflation Pressure, Speed, and Temperature Considered
Load Pressure Speed Temperature
(kN) (kPa) (km/h) (◦C)
P1=26.6 S1=552 V 1=8 T1=25
P2=35.5 S2=690 V 2=65 T2=45
P3=44.4 S3=758 V 3=115 T3=65
6.5 Rolling Resistance from Dissipated Energy and Longitudinal
Reaction Force
Based on the FE model described, two methodologies can be followed to calculate rolling
resistance: The energy dissipated by the tire divided by the distance traveled in one revolu-
tion, and the reaction force in the traveling direction, which is the mechanical manifestation
of dissipated energy. The coefficient of rolling resistance is commonly used as an indicator
of rolling resistance per applied load, and it is believed to characterize the rolling resistance
of a tire under various applied loads. Pillai and Fielding-Russell theoretically linked rolling
resistance and energy dissipation assuming constant contact area and uniform distribution
of tire-pavement contact stresses [84]. It was proved that:
RR = h
Pδb
Ac
(6.1)
where: RR= rolling resistance
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h= ratio of energy lost to the total energy input
P= applied load
δ= tire deflection
Ac= contact area
b= width of contact area.
In other words:
Crr =
RR
P
= h
δb
Ac
(6.2)
From Eq. (6.2), it can be concluded that, for the coefficient of rolling resistance to charac-
terize the energy dissipated by the tire, the term δb/Ac needs to be constant. The assumption
was verified for the variables summarized in Table 6.1 using the developed FE model. Figure
6.4 presents the variation of δb/Ac with load, tire inflation pressure, speed, and temperature.
Each mark shape represents a different temperature (circle, T=25◦C; triangle, T=45◦C; and
square, T=65◦C). The negligible effect of V was observed. In addition, a variation between
0.332 and 0.286 in the vertical axis and a coefficient of variation of 3.5% was also seen, thus
confirming that the assumption that δb/Ac being constant is acceptable for the studied tire.
Consequently, rolling resistance based on equilibrium, RRf , was adopted as indicator of the
energy dissipation in this study.
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Figure 6.4: Variation of bδ/Ac with variables considered.
The rolling resistance force was calculated using [88]:
RRf =
Tω
V
− Fx (6.3)
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where: RRf= rolling resistance rolling loss
V= rolling speed of the tire
ω= angular velocity
Fx= resulting longitudinal force
6.6 Influence of Operating Conditions on the Baseline Rolling
Resistance
FE simulation results were analyzed to evaluate rolling resistance in the tire as a result of
different operating conditions. Rolling resistance values based on the equilibrium and Eq.
(6.3) were retrieved for each operating condition. Figure 6.5 shows the effect of tire inflation
pressure and load on RRf for extreme T and V . The horizontal axis represents the tire
inflation pressure, while the vertical is the RRf . All computed RRf are summarized in
Table 6.2.
RRf decreased with the change of S for all magnitudes of the applied load. The highest
and lowest diminution of rolling resistance were 8.3 and 31.1%, respectively. When V=115
km/h and T=25 ◦C, RRf decreased 31.1% when changing the tire inflation pressure from
552 to 756 kPa at P=44.4 kN. The reduction could be as low as 8.3%, as in the case P=26.6
kN, T=65 ◦C, and V=8 km/h, where RRf changed from 62.0 N when S= 552 kPa to 56.8
N when S=758 kPa. The effect of tire inflation pressure was smaller at low load because
the load caused the deformation in the tire to increase, thus counter-balancing the stiffening
effect of S.
By tracking the rate of change of RRf with respect to P , it was concluded that, once
all other variables are unchanged, rolling resistance varies almost linearly with load. For
example, the ratio between RRf when P = 35.5 kN and P = 26.6 kN is 1.43, which is very
close to 1.35, the ratio of RRf when P = 44.4 kN and P = 35.5. These values correspond
to S = 758 kPa, V=65 km/h, and T=65 ◦C (the ratio instead of constant slope was used as
criteria to check linearity because the load increment was constant, 8.9 kN).
It is clearly shown that temperature has a significant effect on rolling resistance. First, as
the temperature increased, the slope of the lines in Figure 6.5 slightly reduced, to the point of
becoming almost horizontal when T=65 ◦C. When P=44.4 kN, T=25 ◦C, and V=115 km/h,
RRf reduced 61.5 N between S=520 and 758 kPa. When the temperature changed to 65
◦C,
the reduction decreased to 26.9 N for the same tire inflation pressures. This behavior is
caused by the temperature effect on the tire stiffness. Second, the separation between the
lines of equal load decreased as temperature increased, indicating a diminishing effect of load
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Figure 6.5: Variation of rolling resistance with load, temperature, speed, and tire inflation
pressure.
Table 6.2: Rolling Resistance Force in Newtons for Variables in Numerical Analysis Matrix
8 km/h 65 km/h 115 km/h
S1 S2 S3 S1 S2 S3 S1 S2 S3
77 ◦F
P1 85.4 77.36 76.1 85.0 71.2 68.9 83.7 75.8 73.0
P2 134.8 115.7 110.0 131.9 112.0 104.4 143.8 109.9 99.9
P3 170.3 151.4 146.5 189.3 152.6 148.7 197.8 140.4 136.3
113 ◦F
P1 65.0 59.4 58.5 82.1 74.9 73.9 85.1 77.3 76.1
P2 99.1 87.0 83.8 122.5 109.0 104.7 128.4 114.2 109.4
P3 135.7 119.8 113.6 165.6 146.3 140.2 173.9 153.4 146.5
149 ◦F
P1 62.0 59.6 56.8 63.9 58.5 57.9 64.9 58.9 58.2
P2 93.9 83.3 82.9 98.3 86.3 82.8 98.5 87.1 83.2
P3 122.1 110.9 108.9 134.3 121.0 112.1 136.6 117.5 109.7
with temperature increment. The case S=552 kPa, V=65 km/h, and T=25◦C showed an
increment of 57.4 N in rolling resistance after increasing the load from 35.5 to 44.4 kN. The
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increment for the same V and S fell to 36.0 N if the temperature switched to T=65 ◦C.
Rubber components are viscoelastic materials, which means their modulus depends on the
temperature and loading rate. As temperature increases, tire stiffness decreases to the point
where the stiffening effect of increasing tire inflation pressure becomes insignificant. Because
speed is closely related to the loading rate, the loading rate augmented with the increase in
speed, the tire was stiffer, the deformation reduced, and the rolling resistance diminished.
However, one should not expect a monotonically increasing or decreasing trend with dis-
sipated energy as it is derived from stresses and a viscous components of the viscoelastic
strains. As the loading rate increases or temperature decreases, stresses may augment in
the rubber, accompanied with a reduction in the viscous part of strains, which may result
in higher dissipated energy as long as the reduction in viscous strains can be compensated
by a gain in stresses.
The effect of temperature is not uniform across the range of analyzed values. In par-
ticular, for the loading condition P=44.4 kN, S=690 kPa, and slowest rolling speed, RRf
decreased 20.9% from 151.4 to 119.8 N if the temperature was changed from T = 25 to 45◦C.
Conversely, 7.5% reduction was noticed when the temperature changed from T=45 to 65◦C.
Speed has a diminishing influence on the effect of increasing the temperature from the lowest
values. If the same loading condition was analyzed, but for V=65 km/h, the reduction from
the lowest to medium temperature would not be 20.9%, but 6.3%.
Speed and temperature effects on RRf were opposite. Thus, increasing the traveling speed
caused an increase in rolling resistance. The influence was higher when changing from V=8
to V=65 km/h than from V=65 to V=115 km/h. The average increment of RRf after
increasing speed from lowest to medium speed was 24.4%, and 4.3% from medium to highest
speed. These averages include all values of load, and tire inflation pressure, at T=45 ◦C
temperature. It is worth mentioning that the effect of speed was higher at the intermediate
temperature.
Finally, it must be noted that the coefficient of rolling resistance calculated using Eq.
(6.2), varied between 0.0045 and 0.0021. The range is close to the one reported in some
literature for the NG-WBT technology [65].
6.7 Energy per Tire Component
Four viscoelastic rubber components were considered: tread, subtread, shoulder, and side-
wall. Since the material properties and volume of each rubber element were different, their
contribution to the internal energy of the tire (IEtire) varied. The variation of IEtire and
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its components with respect to P , S, V , and T is presented in Figure 6.6. In the figure,
a combination of load and tire inflation pressure consist of three bars, each representing a
speed in ascending order.
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Figure 6.6: Internal energy in tire’s rubber components for: (a) T=25 ◦C; (b) T=55 ◦C; and
(c) T=65 ◦C.
The subtread and sidewall had the highest contribution to IEtire. The ratio of the internal
energy in the subtread (IEst) to IEtire varied between 38.8% and 69.7%, while the one in the
sidewall (IEsw) was higher than 26.5% but smaller than 52.5%. In addition, the sidewall’s
internal energy was higher than the one in the subtread only when the tire was subjected
to the lowest tire inflation pressure and highest load. For T2 and T3, the tread represented
higher internal energy than the shoulder, not only in magnitude, but also in percentage of
the total energy in the tire. However, the tread and the shoulder were not as relevant for
IEtire; the highest ratio between each of the two elements and IEtire was 0.078 and 0.042,
respectively.
At the highest temperature, speed did not greatly affect total energy. The highest change
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after increasing the speed from 8 to 115 km/h when T=65 ◦C was 5.0%. On the other hand,
for the lowest temperature, the reduction reached 11.7%. Furthermore, the applied load
greatly affected the internal energy in the sidewall. The increment, which was linear, varied
between 1.8 and 2.2 times the value of the lowest load. The change was higher at low tire
inflation pressure.
Finally, the trend of the tire component’s contribution to IEtire and the corresponding
percentage was similar, except for the subtread. For this tire material, the total contribution
increased with P and S, but the ratio between IEst and IEtire decreased as the tire inflation
pressure augmented.
It should be noted that the mentioned trends and values might be affected by the interac-
tion between the reinforcement (surface element) and the rubber (host element). The fact
that reinforcement and rubber have significantly different stiffnesses can create variations in
the internal energy values.
6.8 Statistical Analysis
A predictive equation was developed using the regression analysis applied to the rolling
resistance results obtained. SAE J2452 is based on load, tire inflation pressure, and speed,
but it does not consider temperature. To address this drawback, a temperature-dependent
factor was included in the SAE equation. The following form of rolling resistance is proposed
to capture temperature and speed dependency:
RRe = k
SαP β√
T
(a+ bV + cV 2) (6.4)
where k, α, β, a, b, and c are regression parameters. Using nonlinear least square method,
the fitting parameters were found as k = 0.2740, α = −0.6392, β = 1.3618, a = 10.68×10−3,
b = 26.23× 10−6, and c = −129.1× 10−9, so the final equation becomes:
RR = 2.740× 10−4S
−0.6392P 1.3618√
T
×
[
10.68 + 26.23
(
V
103
)
− 129.1
(
V
103
)2]
(6.5)
Figure 6.7 compares the rolling resistance from the FE model and Eq. (6.5). As can be
seen, a coefficient of correlation of R2 = 0.946 was obtained, which is very good considering
that the range of values of the considered variables covered typical operating conditions of
truck tires.
82
0 50 100 150 200 250
RRfem (N)
0
50
100
150
200
250
R
R
ca
lc
 (
N
)
R2 =0.9462
Equality Line
Data Points
Figure 6.7: Comparison between rolling resistance from FE model and using Eq. (6.5).
6.9 Summary
Finite element modeling of a truck tire was developed to calculate rolling resistance as a
function of different operating conditions, including temperature, speed, load, and tire in-
flation pressure. The complex nature of the tire was captured using a 3-D FE tire model
with realistic geometric details. Materials characteristics were obtained from relevant exper-
iments. Incompressible visco-hyperelastic constitutive relationship for rubber materials was
used to calculate the rolling resistance.
The methods that are based on the reaction force along the traveling direction and coeffi-
cient of rolling resistance as indicators of tire fuel efficiency were satisfactory for capturing
consistent trends with changing speeds and temperatures. Therefore, an equilibrium-based
rolling resistance calculation method was adopted in this study. The effect of tire inflation
pressure, traveling speed, applied load, and tire temperature was successfully quantified.
It was found that temperature and load had the highest effect on rolling resistance, while
speed and tire inflation pressure did not modify rolling resistance as significantly. A pre-
dictive equation was developed based on the results of the FE simulations. The SAE J2452
expression for rolling resistance was modified to include the temperature effect. Finally, the
contribution of each rubber component to the tire’s internal energy was quantified, showing
a more relevant role of subtread and sidewall.
This chapter is the first step to quantify the effect of pavement structure and tire-pavement
interaction on fuel consumption and life-cycle assessment of road infrastructure.
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CHAPTER 7
TIRE-PAVEMENT INTERACTION MODELING:
HYPERELASTIC TIRE AND ELASTIC PAVEMENT
Interaction between deformable tire and pavement was studied using the validated FE model;
the full understanding of tire-pavement contact has implications on pavement damage pre-
diction and pavement life-cycle assessment (fuel consumption estimation). The tire’s rubber
and reinforcement were considered hyperelastic and linear elastic, respectively, with ma-
terial constants obtained from the tire manufacturer (rubber) and laboratory testing (re-
inforcement). On the other hand, the pavement was assumed linear elastic supported by
linear elastic springs. This assumption was made as a first step to examine the impact of
using a deformable-on-deformable tire-pavement system to predict energy in the tire and
contact stresses. The effect of the pavement stiffness on contact area, tire deflection, three-
dimensional contact stresses, surface deflection, internal energy of the tire and its compo-
nents, the work performed by the contact forces, and dissipation caused by friction was also
studied. The elastic modulus of the pavement affected the contact area, while the elastic
constants of the springs were more relevant for tire deflection. In addition, stiffness of the
pavement had a varying effect on each component of the 3-D contact stresses: vertical con-
tact stresses remained almost constant and longitudinal ones were the most affected. The
symmetry of the surface deflection decreased and the friction dissipation increased 10.2%
as the elastic modulus changed from the smallest to the highest value. Finally, the work
performed by the vertical contact forces was significantly higher than by the in-plane loads,
and the stiffness of the pavement affected rolling resistance force, which is related to fuel
consumption.
7.1 Introduction
According to the American Society of Civil Engineers (ASCE), 32% of America’s major
roads are in poor or mediocre condition [1]. In addition, the White House seeks to achieve
20% reduction in fuel consumption in semi-trucks fabricated after 2018 as part of its Climate
Action Plan [64]. These two seemly very different statements have one common element:
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tire-pavement interaction.
It is assumed based on conventional road analysis that contact stresses acting in the ver-
tical direction have constant magnitude. However, the study of tire-pavement interaction
shows stresses transferred to the road in the three directions. Even more, various researches
have demonstrated relevant impact of 3-D contact stresses on pavement responses and, con-
sequently, on pavement design. For instance, Noval et al. [51] considered the 3-D contact
stresses measured in pavement model and found the near-surface stress-states different from
the conventional assumption; i.e., the contact stresses were larger in magnitude, more lo-
calized, and with lower confinement near the tire’s edge. Al-Qadi et al. [12] developed
a validated 3-D FE pavement model, incorporating the measured 3-D contact stresses and
moving load. The surface tangential contact stresses increased potential for the development
of top-down cracking, primary rutting, and fatigue damage.
On the other hand, tire numerical models have been applied to study rolling resistance,
temperature distribution, tire-road interaction, noise generation, and tire performance for
over four decades [35]. Rolling resistance is particularly important. When a vehicle is moving,
the energy provided by fuel is spent overcoming five actions: rolling resistance, drag forces,
internal friction in the vehicle, gravitational forces, and inertial forces [65]. This becomes
even more relevant when taking into consideration that transportation is responsible for
using 70% of the oil in the United States [64]. Currently, work at the University of Illinois
at Urbana-Champaign is underway to predict fuel consumption of a vehicle by analyzing
pavement responses without explicit consideration of tires or vehicles [89].
Not many studies have combined tire and pavement in a single model. For instance, Al-
Qadi and Wang used the decoupled approach, where a tire model was used to predict 3-D
contact stresses, which later on were used as input for a 3-D pavement model to predict
pavement responses and calculate pavement damage [90]. Wang and Roque coupled tire and
pavement in a single model and computed pavement responses [53]. However, the analysis
was static and material properties of both, tire and pavement, were assumed linear elastic.
Recently, Srirangam et al. developed a thermomechanical tire-pavement model focused on
predicting temperature distribution in various regions of the tire [58].
This chapter combines both, tire and pavement, in a single FE model. The validated tire
model considered hyperelastic rubber and linear elastic reinforcement with material con-
stants provided by the tire manufacturer and obtained from laboratory testing, respectively.
In addition, accurate tire geometry was used. The pavement model was simplified; it con-
sisted of a linear elastic deformable body supported by elastic springs on its bottom and side
faces. The main contribution of this study lies in the analysis of tire and simplified pavement
as deformable bodies in a coupled fashion. First, the effect of pavement flexibility on the 3-D
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contact stresses and contact area, which has relevant consequence in the analysis of flexible
pavements, is studied. Second, phenomena such as surface deflection, work performed by
contact forces, and dissipation caused by friction forces are detailed, which are related to
rolling resistance force and fuel consumption.
7.2 Finite Element Model Development
Tire and pavement comprised the FE model. Physical measurements defined the cross
section and distribution of materials in the tire (rubber and reinforcement). Hyperelastic
behavior was considered for rubber using the Mooney-Rivlin model, with material constants
provided by the tire manufacturer. Additionally, reinforcement was assumed linear elastic.
The modulus of elasticity of the reinforcement was the slope of the stress-strain curve after
subjecting the specimens to tensile load (ASTM D882). The pavement was a deformable
100×600×3600 mm linear elastic block with modulus of elasticity E; linear elastic springs
were assigned on each side of the pavement.
The magnitude of spring’s constants were different on each face of the pavement and
were determined based on a full tire-pavement model (Figure 7.1). The pavement consisted
of three layers: AC, granular base, and subgrade. The thickness of each layer changed
depending on the type of pavement considered. In the case of thick pavement, the thicknesses
of the AC and base layers were 300 and 350 mm, respectively. For thin pavement, the same
thicknesses were 100 and 200 mm. The AC layer was assumed linear elastic with modulus
varying between 102 and 105 MPa. Considering AC linear elastic rather than viscoelastic is
not expected to have a negative consequence on the conclusions of this study because the
main focus is not pavement behavior. Subgrade characterization was given by the Druker-
Prager model [91], while base was considered nonlinear anisotropic for thin pavement and
linear elastic for thick pavement.
The full tire pavement model was subjected to a monotonic tire loading of magnitude
44.4 kN and tire inflation pressure of 758 kPa (Figure 7.1). The magnitude of the spring
constants was calculated as the average of the stresses in the perpendicular direction divided
over the displacement in the same direction. For instance, the spring in the z-direction were
obtained by averaging the ratio of the stress in the z-direction 100 mm under the pavement
surface over the z-displacement at the same depth. The magnitude of the spring constant
for thin and thick pavement and various elastic modulus of the AC layer are presented in
Table 7.1.
The analysis consists of three phases: axisymmetric tire, 3-D monotonic, and rolling
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Table 7.1: k-values for Thin and Thick Pavement
k (MPa/mm)
Modulus Thick Pavement Thin Pavement
(MPa) x y z x y z
E1=105 585.68 649.13 2.22 355.54 413.66 0.43
E2=104 58.44 69.95 0.87 20.02 29.12 0.20
E3=103 7.60 8.58 0.44 2.14 3.22 0.15
E4=102 0.79 1.15 0.21 0.33 1.58 0.14
analysis. Material properties, cross section geometry, boundary conditions, and tire inflation
pressure were defined in the axisymmetric phase (Figure 7.2). The axisymmetric model was
revolved with respect to the tire’s axis to generate the 3-D tire. After creating the 3-D
tire and pavement, they were brought to contact and the load was applied. Finally, free-
rolling analysis was performed using ABAQUS by applying a constant speed of 8 km/h and a
torque of zero magnitude at the tire’s axis (Figure 7.3) . To improve computational efficiency,
friction was only defined in the final phase (free-rolling analysis) using the Coulomb model
with coefficient of friction 0.3.
Cartesian elements were used along the circumference of the tire. In addition, hybrid
and rebar elements modeled rubber incompressibility and tire reinforcement, respectively.
Mesh sensitivity analysis determined the optimum size and distribution of finite elements
based on the computational time and accuracy. The optimum mesh was the one with strain
energy within 5% the one of a very fine mesh and the least amount of elements. Finally, the
simplified pavement was meshed with full-integration cubic elements with a 20 mm side.
The tire’s FE model was validated using measured contact area and deflection. A good
agreement between contact area and deflection was observed (mean average percentage error
of 4.2 and 8.5%, respectively). More details regarding the tire model are presented by
Hernandez and Al-Qadi [62].
The applied load and tire inflation pressure were fixed at 758 kPa and 44.4 kN. The elastic
modulus of the pavement varied between 102 and 105 MPa, while the elastic foundation
constant was determined based on static analysis of full tire-pavement model as previously
described. Analysis were also performed for the tire contacting the analytical rigid surface,
referred to herein as the rigid case.
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Figure 7.1: Full tire-pavement model.
Printed using Abaqus/CAE on: Mon May 25 07:23:41 Central Daylight Time 2015
Figure 7.2: Axisymmetric model.
7.3 Tire Contact Area and Deflection
Figure 7.4 shows the variation of contact area (Ac) and deflection (δ) for various values of
E. Each plot has four lines representing: i) tire rolling on rigid pavement; ii) monotonic tire
loading on thin pavement; iii) monotonic tire loading on thick pavement; and iv) rolling tire
on simplified thick pavement.
For static and rolling analysis, most of the influence of E occurred between E=102 and
103 MPa: For thick and thin pavement in the static analysis, Ac reduced 3.3 and 2.9%,
respectively, if E increased from 102 to 103 MPa. The diminution in contact area became
88
(a) Rigid Surface. (b) Deformable Surface.
Figure 7.3: Full tire-pavement finite element model.
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Figure 7.4: Variation of contact area and deflection with E and k.
less than 0.5% for the other values of E. When the elastic modulus of the deformable
block exceeded 104 MPa, Ac was almost constant. In other words, there is a value starting
from which the contact area becomes independent of pavement stiffness. When the pavement
deforms, it tries to match the deformed shape of the tire. Consequently, the created curvature
increases the amount of contact points between the pavement and the tire, resulting in an
increment in contact area. For the rigid case, no such deformation of the pavement exists,
so Ac was the least possible for the given applied load and tire inflation pressure.
The contact area for thin and thick pavement and static analysis are almost coincidental for
all values of elastic modulus E, indicating higher influence of the pavement surface stiffness
on Ac rather than the rest of the pavement structure. In addition, for rolling analysis, the
contact area approached a constant value as pavement stiffness increased, but the value did
not match the rigid case. Even the stiffest pavement experienced surface deflection, slightly
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affecting Ac.
The variation of tire’s deflection (δ) (average deflection in the case of rolling analysis) with
respect to the elastic modulus of the pavement is shown in Figure 7.4. For thin pavement,
the static deflection changed almost linearly with E in the logarithmic scale, and decreased
from 36.9 mm when E=102 to 35.8 mm when E=105, a reduction of 3.0%. The difference
in deflection between static and rolling analysis for thick pavement was not significant and
followed the same trend. Consequently, in contrast to contact area, deflection would not
greatly depend on rolling condition but on pavement type.
7.4 3-D Contact Stresses
The relevance of pavement stiffness on each component of the 3-D contact stresses was
determined taking the stiffest case (E=105) as baseline. Comparison were made on two
aspects: First, the variation of contact stresses along the length at a representative location
across the tire; and second, the contact stresses at each point on the contact patch.
The variation of the 3-D contact stresses (vertical, longitudinal, and transverse) along
the length of tire contact for the various E-values is shown in Figure 7.5. Figure 7.5(a)
focuses on the pressure distribution, which results from the superposition of the tire inflation
pressure and a function depending on the structural characteristic of the tire and operating
conditions [48]. The analysis was performed considering the same tire inflation pressure and
applied load on the same tire, so the only changing factor was the operating conditions (i.e.,
pavement).
Figure 7.5(c) highlights the longitudinal contact stresses σx. The stresses in this direction
for free rolling are defined by the relative displacement in the traveling direction between
the contact points [48]. For tire rolling on the stiffest surface, the relative displacement
is maximum because there is no deformation on the pavement. If the tire is rolling on
deformable surface, deformation occurs on the pavement, the relative displacement between
the tire and the surface decreases, and σx diminishes. Consequently, the longitudinal contact
stresses for the deformable surface are mainly defined by its stiffness.
Transverse contact stresses are caused by the restriction on tread displacement in the
direction perpendicular to traffic [48]. In some cases, the forces transferred through the
tire’s sidewall might influence σy. As for σx, rigid surface imposed the highest constraint
on movement, and, consequently, provided the highest transverse contact stresses. The
boundary conditions imposed on pavement did constraint displacements in the transverse
direction, so the magnitude of σy did not change significantly when flexibility of pavement
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Figure 7.5: Effect of pavement stiffness on the 3-D contact stresses.
was modified.
The contact stresses in each direction for the foot region were stored in arrays. The RMSE
and R2 were used to compare the various arrays, taking the stiffest case as reference. Figure
7.6 compares the vertical contact stresses with the stiffest case for all the values of E (as
defined in Table 7.1) and the thick pavement. If the elastic modulus of the pavement was
high, RMSE would not change; however, if E was low, the RMSE would increase 4.6 times
from 0.005 to 0.023 MPa when changing the elastic modulus from 102 to 103 MPa. Finally,
the maximum RSME was 0.023 MPa, 2.3% the maximum vertical contact stresses in Figure
7.6.
Figure 7.7 presents the same comparison as in Figure 7.6, but for the case of longitudinal
contact stresses, the component most affected by E. The agreement with the reference case
decreased as the pavement stiffness decreased; R2 and RMSE became 0.845 and 0.003 MPa
(31.6% the maximum value in Figure 7.5(c)), respectively. As previously mentioned, the
longitudinal contact stresses during free rolling are mainly determined by the relative dis-
placement at the contact points between the tire and the pavement in the traveling direction,
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Figure 7.6: Comparison of vertical contact stresses with respect to stiffest case.
which increases as the stiffness of the pavement decreased.
Finally, the effect pavement stiffness on the transverse contact stresses is presented in
Figure 7.8. Once more, the highest difference was found for the most compliant pavement
with R2=0.973 and RMSE=0.004, 35% the maximum magnitude in Figure 7.8. Even
though the percentage of the maximum is higher than for σx, the coefficient of determination
is not as low.
In summary, pavement stiffness is more relevant for longitudinal contact stresses, followed
by transverse and then vertical contact stresses. This is mainly due to the relevance of
relative displacement between contact points at the tire-pavement interface on the in-plane
contact stresses.
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Figure 7.7: Comparison of longitudinal contact stresses with respect to stiffest case.
7.5 Tire Internal Energy
The study of energy balance and the components of the tire-pavement system is relevant for
fuel consumption and environmental impact of truck tires. Figure 7.9 shows the variation
of the internal energy in the tire (ALLIEtire) and its components as function of the elastic
modulus. The total height of the bars represents the energy in the whole tire, and it is divided
into the contribution of each component. The internal energy slightly decreased from 0.2358
kJ when E=105 to 0.2328 kJ when E=102 MPa, a diminution of 1.3%. The contribution
of the tire elements to ALLIEtire for each pavement stiffness did not significantly change
either; however, the internal energy of the components changed with respect to the stiffest
case. For instance, ALLIEtread remained at about 15.0% of ALLIEtire for the range of E-
values, but it decreased 5.3% from 0.0357 kJ when E=105 to 0.0338 kJ when E=102 MPa.
Consequently, as the internal energy in the tire components changes, the energy dissipated
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Figure 7.8: Comparison of transverse contact stresses with respect to stiffest case.
by the tire due to modifications in the pavement might change as well. This finding may
contradict the non-dissipative tire assumption when calculating SRR [92].
7.6 Surface Deflection
A sample of the deflection along the pavement surface is shown in Figure 7.10. To check
the symmetry of the deformed shape with respect to the point of maximum deflection, the
area under the curve before (A1) and after (A2) the peak deflection were compared. If
the curve is symmetric, A1 = A2. For each E-value, the deflection along the wheel-path
was calculated for thirty-one paths across the pavement’s surface and the average A1 was
computed. The ratio A1/A (A=A1 +A2) changed as the pavement stiffness decreased. For
the stiffest pavement, the average ratio was 0.504, which indicates a symmetric deformed
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Figure 7.9: Internal energy in tire by component.
shaped. However, as E approached 102, the average ratio became 0.512, with a maximum
of 0.526.
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Figure 7.10: Deflection sample along the moving direction.
The distribution of contact pressure mainly depends on fours parameters: i) support
provided by the sidewall to the tread, ii) bending and shear deformation of the thread, iii)
tread buckling, and iv) tread’s normal compliance/stiffness [48]. In addition, the distribution
of vertical contact stresses is only symmetric under static loading. If the tire is rolling, the
contact pressure shifts in the moving direction, so the peak values are not at the center of
the contact length. The magnitude of the shift increases as the speed increases, and the
shear deformation is crucial in explaining such behavior.
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Since contact pressure is not symmetric, it is expected an unsymmetrical behavior of the
surface deflection also, as it was found. It should be noted that the analyses were performed
at slow-moving load, so higher asymmetry can be obtained at higher speeds. Consequently,
a point in the pavement surface may have different loading and unloading paths as the tire
travels over it.
Table 7.2 shows the variation of the rolling resistance force (Rx), the vertical reaction (Rz),
rolling resistance coefficient (Crr) and the eccentricity (e) with respect to the elastic modulus
of the pavement. The eccentricity was defined as the distance from the center of the tire to
the location of the vertical contact stresses’ resultant. A 5.2% and 13.1% reductions in Fx
and e, respectively, were observed when E decreased from 105 to 102 MPa. This indicates
that, even though tire and pavement are elastic and do not dissipate energy, the rolling
resistance force, and consequently the fuel consumption, change with the characteristics of
pavement. The trend and values in Table 7.2 will most likely change once variables such as
viscoelasticity of the pavement and tire are considered, and phenomena like the tire always
being on an uphill slope are addressed [93].
Table 7.2: Variation of Coefficient of Rolling Resistance with Elastic Modulus
E Rx Rz Crr e
(MPa) (N) (N) (o/oo) (mm)
105 20.3075 44398.7 0.4574 0.2301
104 20.3021 44398.9 0.4573 0.2312
103 20.1541 44399.4 0.4539 0.2185
102 19.2425 44411.3 0.4333 0.1999
7.7 Work Performed by Contact Forces and Frictional Dissipation
Figures 7.11 through 7.13 present the variation of nodal force and displacement with respect
to time along the vertical, longitudinal, and transverse direction, respectively. The plots
correspond to one node in the pavement surface and the most compliant pavement. The
continuous line represent the portion of time when the tire approached the node until it
reached the maximum load magnitude, while the dashed line indicates the unloading phase.
The figures also give the force-displacement relationship for the node; the area enclosed by
the force-displacement curve is related to the work performed by the contact loads.
As observed in Figure 7.11, the maximum value of vertical displacement (uz) and vertical
reaction force (Fz) occurred at the same time. The loading and unloading paths are very
close to each other, and numerical calculation of the area between the two curves provides a
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negligible value. Because of the slight asymmetry of the vertical contact forces, the loading
and unloading path were different, causing small enclosed area. However, higher asymmetry
can be seen when considering viscoelastic pavement subjected to high temperatures and
low moving loads. It is also noted that, due to the bending stiffness of the pavement, the
lack of vertical force does not imply zero vertical deflection. This observation is particularly
important for the in-plane directions.
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(a) Vertical force vs. time.
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(b) Vertical displacement vs. time.
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(c) Vertical force vs. displacement.
Figure 7.11: Variation of vertical force and displacement with time for E4.
The behavior along the in-plane directions was different than the previous case. Figure
7.12 presents the same information as Figure 7.11 but in the longitudinal direction x. The
sign of the reaction force Fx and the displacement ux changed as the tire passed the node,
and the time at maximum longitudinal reaction force did not coincide with the time at
maximum longitudinal displacement (the time discrepancy was higher in the transverse
direction as seen in Figure 7.13). The slip at the contact between the tire and pavement,
which for free rolling is localized at the beginning and end of the contact patch, may cause
the mismatch between maximum force and displacement. In addition, for the considered
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node, the loading and unloading paths in the x and y direction were dissimilar. Along the
longitudinal direction, the load-deflection curve showed a negative and positive enclosed area
that were equal in magnitude for the stiffest pavement but somewhat different for the most
complaint case. The area enclosed was not very symmetric in the y direction.
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(a) Longitudinal force vs. time.
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(b) Longitudinal displacement vs. time.
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(c) Longitudinal force vs. displacement.
Figure 7.12: Variation of longitudinal force and displacement with time.
The work performed by the external forces for a segment of the pavement fully subjected
to loading and unloading (100 mm≤ x ≤2000 or .39 s ≤ t ≤ 0.95 s) was calculated.
For each node, the force-deflection curves was obtained and the enclosed area calculated.
Afterward, the enclosed area for all the nodes was added and the results are shown in Figure
7.14. The work performed by the vertical contact forces (Wz) was orders of magnitude higher
than in the longitudinal and transverse direction (Wx and Wy, respectively). In addition,
in the vertical direction, Wz increased to a plateau until the tire was fully on the section of
pavement examined. As the tire departed, the energy decreases back to almost zero. The
behavior was different along the in-plane direction, where a constant value remained after
the tire passed the considered surface segment. The work performed by the vertical contact
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(a) Transverse force vs. time.
0.4 0.5 0.6 0.7 0.8 0.9 1.0
t (sec)
−10.0
−7.5
−5.0
−2.5
0.0
2.5
5.0
7.5
F
x
 (
N
)
0.4 0.5 0.6 0.7 0.8 0.9 1.0
t (sec)
−2
−1
0
1
2
3
F
y
 (
N
)
0.4 0.5 0.6 0.7 0.8 0.9 1.0
t (sec)
−300
−250
−200
−150
−100
−50
0
50
F
z
 (
N
)
0.4 0.5 0.6 0.7 0.8 0.9 1.0
t (sec)
−0.50
−0.25
0.00
0.25
0.50
u
x
 (
m
m
)
0.4 0.5 0.6 0.7 0.8 0.9 1.0
t (sec)
−0.04
−0.03
−0.02
−0.01
0.00
0.01
u
y
 (
m
m
)
0.4 0.5 0.6 0.7 0.8 0.9 1.0
t (sec)
−3.0
−2.5
−2.0
−1.5
−1.0
−0.5
0.0
0.5
u
z
 (
m
m
)
−0.50 −0.25 0.00 0.25 0.50
ux  (mm)
−10.0
−7.5
−5.0
−2.5
0.0
2.5
5.0
7.5
F
x
 (
N
)
−0.04 −0.03 −0.02 −0.01 0.00 0.01
uy  (mm)
−2
−1
0
1
2
3
F
y
 (
N
)
−3.0 −2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5
uz  (mm)
−300
−250
−200
−150
−100
−50
0
50
F
z
 (
N
)
Variation of load and deflection with time
(b) Transverse displacement vs. time.
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(c) Transverse force vs. displacement.
Figure 7.13: Variation of transverse force and displacement with time.
forces was mostly positive; however, for the x and y direction, negative Wx and Wz were
observed. Negative work indicates the contact reaction force and the displacement are in
opposite direction.
The energy dissipated by the friction forces started from zero at the beginning of the
analysis and accumulated as the tire moved over the pavement. Since material properties
for tire and pavement were elastic, friction forces is the only source of dissipation. Friction
is closely related to the slip occurring between the tire and the pavement, which accounts
for less than 5% the rolling resistance [65]. Figure 7.15 presents the change of the frictional
dissipation (ALLFD) at the end of the analysis for the various values of elastic modulus.
ALLFD increased as E increased due to higher relative motion between tire and pavement.
The difference in energy dissipated by friction between E=102 and E=105 was 9.3%.
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Figure 7.14: Work performed by contact forces in three principal directions.
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Figure 7.15: Frictional dissipation at the end of the analysis.
7.8 Summary
Interaction between the deformable tire and pavement was studied using the FE method.
Four cases of surface stiffness and tire at free rolling composed the parametric study. Varia-
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tion of contact area, tire deflection, 3-D contact stresses, surface deflection, internal energy in
the tire, work performed by contact forces, and frictional dissipation with pavement stiffness
were analyzed. The contact area mainly changed between the two smallest elastic modu-
lus, with the highest change being around 3% for thin and thick pavement. Tire deflection
depended on the pavement type, and its variation was around 3% also.
The vertical contact stresses were not affected by the stiffness of the pavement; however,
the longitudinal component was the most affected by the pavement’s stiffness. Because of
the ability of the pavement to deform, relative displacement of the points at the contact
patch decreased, thus reducing the longitudinal contact stresses at free rolling. The dis-
crepancy between rigid and deformable cases was quantified using RMSE and coefficient of
determination. This difference was mainly seen for the in-plane contact stresses, with the
lowest R2 and highest RMSE observed in the longitudinal direction.
Regarding the internal energy in the tire, the pavement elastic modulus did not change
the share of each tire component of the total internal energy of the tire, but it affected the
value of each component by up to 5.3%. In addition, it was proved that the surface deflection
is not fully symmetric, and the degree of asymmetry changed with the elastic modulus of
the pavement. The work performed by the vertical contact forces were significantly higher
than the in-plane components, and it was recovered after removing the tire loading. The
work of the in-plane contact forces was negative in some instances because the load and
the displacement pointed in opposite directions. Stiffness of the pavement increased the
dissipation caused by frictional forces in 9.3%. Finally, the rolling resistance force decreased
by 5.2% from the stiffest to the most compliant pavement, even though tire and pavement
were elastic. This trend will most likely change after including variables such as viscoelasticy
of the tire and the pavement.
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CHAPTER 8
SEMI-COUPLED MODELING OF INTERACTION
BETWEEN DEFORMABLE TIRES AND
PAVEMENTS
The interaction between deformable tires and pavements was studied using FE modeling
and a semi-coupled approach. Three FE models were used: i) hyperelastic tire rolling on an
infinitely rigid surface; ii) three-dimensional pavement model; and iii) hyperelastic tire rolling
on a deformable viscoelastic body. The tire and the pavement model have been successfully
compared with experimental measurements. Tire interaction with rigid surface provided
contact stresses to excite the pavement model, and results of the pavement model defined
the boundary conditions of the tire rolling on the deformable body. After that, the pavement
loaded with the contact stresses from the tire interacting with the deformable body was ran.
Topics related to pavement damage and life-cycle assessment were studied: tire-pavement
contact stresses, critical pavement responses, and rolling resistance. Transverse contact
stresses were the most affected by pavement deformation, which translated into impact on
the maximum vertical strain and the maximum shear strain in the AC layer. The tire moving
on a deformable body showed that thin pavement created higher rolling resistance force than
thick pavements. In addition, dissipation- and deflection-based approaches for calculating
pavement contribution to rolling resistance were equivalent. Finally, for the range of values
considered, changes in tire inflation pressure affected the rolling resistance force more than
changes in applied load.
8.1 Introduction
Advancement of tire-pavement interaction models not only improve structural design of
flexible pavement, but also the life-cycle assessment of pavement infrastructure. Having
an appropriate representation of tire-pavement contact stresses provides accurate critical
pavement responses, which results in better prediction of pavement damage. In addition,
by coupling tire and pavement, rolling resistance predictions generate a better estimation of
fuel consumption and greenhouse gas emissions.
As a result of computational constraints, most of the research on tire-pavement interaction
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modeling has included simplifications, which depended on the purpose of the model. For
instance, assuming the tire as infinitely rigid can be used to model tire-soil contact. On
the other hand, the tire structure can be simplified to study the rolling phenomenon on
a rigid surface [94]. A three-dimensional (3-D) model was developed to study tire-snow
interaction assuming the tire as rigid or deformable (shell elements) and snow as deformable
characterized by Drucker-Prager. This model was validate using experimental measurements
of contact forces [95].
Other pavement research assumed that pavement structures are not infinitely rigid. Wang
and Roque coupled tire and pavement in a single model and computed pavement responses.
However, the analysis was static and material properties of both, tire and pavement, were
assumed linear elastic [53]. An improvement to this model considered the tire as hyperlastic
and the AC as elasto-viscoplastic, but tire loading was assumed static [96]. In 2011, Al-Qadi
and Wang used a decoupled approach to model tire-pavement interaction. The tire model
was used on a rigid surface to predict 3-D contact stresses, which were used as input for a
3-D pavement model, thus predicting pavement responses [90]. Even though the tire model
considered various materials, the rubber was assumed linear elastic.
The theoretical and numerical background for the arbitrary Lagrangian-Eulerian (ALE)
approach applied to tire-pavement interaction has been studied [97]; however, it has not
been extensively applied. Wollny and Kaliske used ALE methodology on a pavement model
with inelastic materials. The pavement was loaded with contact stresses from a steady-state
rolling tire contacting a rigid surface (i.e., decoupled approach) [98]. Similarly, the decoupled
approach was also used by Zopf et al. [99], but the effect of the tire on the pavement was
represented by a set of nodal forces equal to the reaction forces of a tire rolling on a rigid
surface.
The main contribution of this study lies in integrating advanced 3-D tire and pavement
models to study critical pavement responses and rolling resistance. On one hand, the tire
model considers hyperelastic rubber, material distribution in the cross section, accurate ge-
ometry, and validation with experimental measurements. On the other hand, the pavement
model included variables that are usually omitted in the conventional analysis of flexible
pavement such as dynamic analysis, linear viscoelastic AC, stresses dependent granular ma-
terials, and moving load.
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8.2 Finite Element Model
The FE analysis sequence, which will be detailed in the next section, consisted of three mod-
els: i) hyperelastic tire contacting a rigid surface; ii) pavement model; and iii) hyperelastic
tire contacting a viscoelastic deformable body.
8.2.1 Model I: Hyperelastic Tire on Rigid Surface
The tire model comprised various advanced features. First, detailed dimensions of the tire
and its cross section were measured along with the distribution of material properties and
the location, orientation, and cross-sectional area of the reinforcement. Rubber components
were considered hyperelastic with the behavior given by the Mooney-Rivlin model and the
constants provided by the tire manufacturer. The reinforcement was assumed linear elastic
with elastic modulus determined through laboratory testing (ASTM D882).
Cylindrical, hybrid, rebar, and Cartesian elements were used in the tire model. Cylindrical
elements accurately cover longer arc-length with less finite elements. The hybrid elements
are ideal for modeling rubbers incompressibility; rebar elements model the embedded re-
inforcement without using homogenization; and Cartesian full-integration elements provide
accurate contact stresses in the tire-pavement contact region. The size and distribution of
finite elements in the tire model were given by the coarsest mesh with strain energy within
5% the strain energy of a tire with very fine mesh. The tire model was validated using
experimental measurements of contact area, deflection, and contact stresses [62].
ALE technique used by the steady-state rolling analysis capability of ABAQUS was used
to determine the three-dimensional contact stresses. The model described in this section has
been used to predict 3-D contact stresses not only at free rolling, but also at braking and
traction [62].
8.2.2 Model II: Pavement Model
Two structures were part of the numerical analysis matrix: thin and thick pavement. The
thickness of the AC layer and the base for the thin road were 100.0 and 200.0 mm, re-
spectively. For the thick pavement, the thickness of the AC and the base were 350.0 and
300.0 mm, respectively. The depth of both models was 4500.0 mm, but the length and
the width changed for each structure. Three types of FE composed the pavement model:
full-integration, reduced integration, and infinite elements. Full-integration elements were
assigned to the AC layer, while reduced integration elements were used for the base and
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subgrade. Infinite elements defined the boundary of the pavement model in the three or-
thogonal directions. The model dimensions, element types, and finite elements size were
determined based on a mesh sensitivity analysis. In the mesh sensitivity analysis, critical
pavement responses, such as tensile strains at the bottom of the AC and shear strains and
maximum vertical strain in each layer, were monitored as the mesh changed. The final mesh
configuration provided the closest pavement responses to a semi-analytical results obtained
from an axisymmetric solution, using the largest element size.
The material properties of each layer represented a wide range of road structures. Re-
garding the AC, the Long-Term Pavement Performance Data Release 26 were analyzed to
select dynamic modulus test results from more than 1000 data sets and characterize AC
as linear viscoelastic. The base of the thin pavement was considered nonlinear anisotropic,
and the corresponding constants were retrieved from a database of 114 materials [100]. The
subgrade was modeled using the Drucker-Prager model in both thin and thick structure [91].
Other features of the pavement model included unbounded interaction between layers and
nonuniform temperature distribution in AC. The pavement was loaded with the contact
stresses obtained from the hyperelastic tire model moving on a wheel path of approximately
1000-mm long. The methodology used in the development of the pavement model has been
successfully compared with experimental measurements [15, 101]
8.2.3 Model III: Hyperelastic Tire on Viscoelastic Deformable Body
The same material properties and geometry as in Model I (hyperelastic tire on rigid surface)
were used for tire rolling on a deformable viscoelastic body. However, the tire mesh consisted
of Cartesian full-integration elements uniformly distributed along the circumference spanning
an arc of 2. Using the Lagrangian formulation, the tire was rolled over the viscoelastic body
with a length of 3600 mm, a width of 600 mm, and a thickness of 100 mm. The viscoelastic
deformable body utilized to simplify the pavement structure was supported by foundation
elements in the three orthogonal directions perpendicular to each face. The constants of the
foundation elements were obtained from stresses and strains 100-mm deep in the pavement
model. Each element in the deformable body was cubic with 20-mm edges.
8.3 Analysis Sequence
The proposed semi-coupled approach considered the flexibility of tire and pavement without
modeling the system in a single FE model in order to avoid the resulting computational
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challenges. The full semi-coupled analysis consists of four steps, each step comprising a FE
run of one of the models presented in the previous sections, as shown in Figure 8.1. In Step
1, Model I was used to determine the 3-D contact stresses between the hyperelastic tire
and the rigid surface at free rolling. The tire was subjected to a load P and a tire inflation
pressure S. Step 2 entitles the dynamic analysis of the pavement model (Model II) subjected
to the 3-D moving contact stresses from Step 1. Stresses and strains from Model II allowed
the calculation of the foundation elements constants to be used in the following step. After
the foundations constants were obtained, they were applied to each orthogonal face of the
deformable body, and Step 3 was performed by analyzing the tire rolling on the viscoelastic
deformable body (Model III). In order to guarantee free rolling, the moment at the tire’s
axis was kept zero. Finally, in Step 4, Model II was run once more using the 3-D contact
stresses obtained in Step 3. Deflections between simplified and full pavement model were
contrasted, and acceptable comparison was obtained.
Figure 8.1: Analysis sequence for semi-coupled approach.
The analysis described allows for the study of two main phenomena: the effect of pavement
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flexibility on pavement responses under the same load and tire inflation pressure and rolling
resistance (and by extension to fuel consumption and greenhouse gas emissions). Both
pavement type, thin and thick, were analyzed under high and low speed (V=8 and 115
km/h) and temperature (T=-12 and 45 ◦C). In addition, the effect of load and tire inflation
pressure were evaluated for the thick pavement only using 35.6 kN and 552 kPa for the
four combinations of temperature and speed mentioned above. A summary of the variables
considered is presented in Table 8.1.
Table 8.1: Values of Load, Tire Inflation Pressure, Speed, and Temperature
Load Pressure Speed Temperature Pavement Type
(kN) (kPa) (km/h) (◦C)
P2=35.6 S1=552 V 1=8 -12 Thick
P3=44.4 S3=758 V 3=115 45 Thin
8.4 3-D Contact Stresses
Figure 8.2 through Figure 8.4 show the variation of contact stresses in the three directions
along a central rib when the applied load was P=44.4 kN and the tire inflation pressure was
S=758 kPa. The plots show not only the effect of speed and temperature, but they also
included the contact stresses for the rigid surface. Temperature and pavement type cannot
be consider in Model I, but the contact stresses for rigid surface were included in the plots
for thick and thin pavements for reference purposes.
For the vertical contact stresses (σz), whose variation is presented in Figure 8.2, the
magnitude was higher for the deformable surface in some locations. In some other locations
across the tire, σz was higher for rigid surface. In addition, comparing σz at the edge of
each rib showed higher values for the deformable bodies than for rigid surface. It is worth
mentioning that the resultant from the vertical contact stresses was monitored and kept
constant so a fair comparison could be made between the pavement responses in Steps 2 and
4.
For the transverse contact stresses (σy), the deformation of the contacted surface greatly
affected not only the magnitude, but also the shape of the variation along the contact patch
(Figure 8.3). If surface was infinitely rigid, σy would have a positive and negative peak at
the front and the back of the tire; however, if the surface was deformable, the transverse
contact stresses would show a single curvature, and the maximum magnitude would be
located around the center of the contact length. As previously mentioned, vertical contact
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Figure 8.2: Contact stresses in the vertical direction.
stresses were higher at the edge contact point between the tire’s ribs and the deformable
pavement. Consequently, the upper limit for the resultant in-plane shear stresses (i.e., the
product of friction coefficient and contact pressure) is higher for the deformable body. A
symmetric behavior of σy across one rib was also noticed. If the surface was infinitely rigid,
speed would not modify σy, but some influenced would be observed when the surface was
deformable.
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Figure 8.3: Contact stresses in the transverse direction.
Finally, the longitudinal contact stresses (σx) were higher on the rare part of the contact
length if the surface was rigid as seen in Figure 8.4. If the surface was deformable, the
contact stresses on the front would be higher. In addition, speed would have a significant
effect on σx if the surface on which the tire was rollingwas infinitely rigid. Once this surface
deformed, neither temperature nor speed greatly affected the longitudinal contact stresses.
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Figure 8.4: Contact stresses in the longitudinal direction.
The longitudinal and transverse contact stresses are orthogonal components of the in-
plane contact shear resultant. Based on the analysis performed, it is evident that the surface
deformation on which the tire is rolling has a relevant effect on the orientation of the in-
plane contact stresses. This change in orientation resulted in modifications in distribution
and magnitude of σx and σy. The effect of these alterations on pavement responses and
rolling phenomenon will be expanded in the following sections. In general, in the case of
the deformable surface, speed and temperature slightly affected the magnitude, but not the
shape of the variation of the contact stresses, and no significant difference was observed on
the contact stresses of thin and thick pavement.
8.5 Pavement Responses
To evaluate the effect of pavement flexibility on pavement responses, critical strains from
Model II in Steps 2 and 4 were compared (see Figure 8.1). The only difference between the
pavement models in the two steps is the input of the 3-D contact stresses: the contact stresses
came from a tire contacting a rigid surface in Step 2, while the tire contacted a deformable
body in Step 4. The critical pavement responses considered have been linked to typical
pavement distresses. Maximum tensile strain at the bottom of the AC in the longitudinal
and transverse direction (ε11,ac and ε33,ac, respectively) has been associated with bottom-up
fatigue cracking. Maximum vertical strain in the AC, base, and subgrade (ε22,ac, ε22,bs, and
ε22,sg, respectively) has been related to permanent deformation in the pavement structure.
Finally, maximum vertical shear strain in the AC, base, and subgrade (ε23,ac, ε23,bs, and
ε23,sg, respectively) has been associated with near-surface cracking (in the case of the AC
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layer) and shear flow (permanent deformation) of the pavement layers.
Tables 8.2 through 8.5 present the critical pavement responses for the considered pavement
structures and loading cases. Table 8.2 focuses on thin pavement subjected to a load of 44.4
kN and a tire inflation pressure of 758 kPa (S3 and P3 according to Table 8.1). In this case,
the difference was less than 4.0% in all responses except for ε23,ac at the highest pavement
temperature and speed. The vertical shear strain in the AC predicted in Step 2 was lower
than in Step 4 by 6.4%. In addition, slightly higher differences were observed for the higher
speed. For thick pavement subjected to the same loading condition (S3 and P3), the highest
differences were no longer seen on the maximum shear strain but on the maximum vertical
strain in the AC layer. The largest difference corresponded to the case T3V 3, and it was
lower for the contact stresses coming from a deformable body by 10.6%. Conversely, for the
lowest pavement temperature and tire speed, rigid surface underestimated ε22,ac by 9.8%.
Table 8.2: Pavement Responses for Thin Pavement, 44.4 kN, and 758 kPa
ε11,ac ε33,ac ε33,sf ε23,ac ε23,bs ε23,sg ε22,ac ε22,bs ε22,sg
T1V1
Rigid 53.4 85.4 15.6 25.5 94.6 86.6 105.8 693.5 288.8
Deform. 53.2 87.1 15.6 25.1 94.3 86.5 106.7 694.5 288.3
Dif. (%) 0.4 -2.0 0.0 1.6 0.3 0.1 -0.9 -0.1 0.2
T1V3
Rigid 71.6 55.1 27.6 26.1 106.1 0.0 69.8 1627 0.0
Deform. 71.4 56.4 27.3 25.6 106.1 0.0 70.5 1626.7 0.0
Dif. (%) 0.3 -2.4 1.1 1.9 0.0 – -1.0 0.0 –
T3V1
Rigid 471.8 413.1 123.7 175 513.8 401.1 499.6 1822.5 1205.2
Deform. 474.4 424.7 123.7 175 514.5 403.4 507.3 1826.7 1209.4
Dif. (%) -0.6 -2.8 0.0 0.0 -0.1 -0.6 -1.5 -0.2 -0.3
T3V3
Rigid 101.9 122.6 71.5 62.7 189.9 0.0 141.6 2137.9 0.0
Deform. 99.4 127.0 70.6 66.7 188.8 0.0 142.5 2137.4 0.0
Dif. (%) 2.5 -3.6 1.3 -6.4 0.6 – -0.6 0.0 –
The effect of rigid body assumption on critical pavement responses under different loading
conditions was evaluated for thick pavement and the results are shown in Tables 8.4 and 8.5.
The critical pavement responses after reducing the tire inflation pressure from 758 kPa to
552 kPa are provided in Table 8.4. The difference between rigid and deformable body was
significant not only for the maximum vertical strain in the AC, but also for the shear strain
50 mm from the pavement surface (ε23,50mm). The largest difference in ε22,ac was 33.1% and
was observed at the highest temperature and lowest speed (most complaint AC layer), while
the smallest was 20.5% at the lowest temperature and highest speed (stiffest AC layer).
Similar trend but smaller discrepancy was seen for ε23,50mm, where the highest (15.5%) and
smallest (6.4%) percentage difference was seen for T3V 1 and T1V 3, respectively. It should
be also mentioned that the rigid surface assumption underestimated ε22,ac and ε23,50mm in
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Table 8.3: Pavement Responses for Thick Pavement, 44.4 kN, and 758 kPa
ε11,ac ε33,ac ε23,50mm ε23,bs ε23,sg ε22,ac ε22,bs ε22,sg
T1V1
Rigid 12.4 11.2 16.5 2.3 11 12.3 18.1 39.8
Deformable 12.3 11.2 16.0 2.3 11.0 13.5 18 39.8
Dif. (%) 0.8 0.0 3.3 0.0 0.0 -9.8 0.6 0.0
T1V3
Rigid 9.9 7.9 16.0 6.8 0.0 16.1 61.2 0.9
Deformable 9.8 7.8 16.2 6.7 0.0 16.6 60.9 0.9
Dif. (%) 1.0 1.3 -1.2 1.5 – -3.1 0.5 0.0
T3V1
Rigid 49.1 49.9 122.6 14.9 30.7 153.3 67.7 112.2
Deformable 49.0 49.8 125.5 14.8 30.7 150.1 67.6 112.2
Dif. (%) 0.2 0.2 -2.4 0.7 0.0 2.1 0.1 0.0
T3V3
Rigid 21.6 17.6 70.7 12.5 0.0 87.9 136 0.6
Deformable 21.3 17.5 71.0 12.3 0.0 78.6 134.6 0.6
Dif. (%) 1.4 0.6 -0.4 1.6 – 10.6 1.0 0.0
all combinations of temperature and speed.
Table 8.4: Pavement Responses for Thick Pavement, 44.4 kN, and 552 kPa
ε11,ac ε33,ac ε23,50mm ε23,bs ε23,sg ε22,ac ε22,bs ε22,sg
T1V1
Rigid 12.4 11.2 9.5 2.3 11.0 12.3 18.1 39.8
Deformable 12.2 11.2 10.2 2.3 11.0 15.7 18.0 39.7
Dif. (%) 1.6 0.0 -7.7 0.0 0.0 -27.6 0.6 0.3
T1V3
Rigid 9.9 7.9 9.6 6.8 0.0 16.1 61.2 0.9
Deformable 9.7 7.8 10.2 6.7 0.0 19.4 60.9 0.9
Dif. (%) 2.0 1.3 -6.4 1.5 – -20.5 0.5 0.0
T3V1
Rigid 49.1 49.9 62.4 14.9 30.7 154.3 67.7 112.2
Deformable 48.7 49.9 72.1 14.8 30.6 205.3 67.6 112.0
Dif. (%) 0.8 0.0 -15.5 0.7 0.3 -33.1 0.1 0.2
T3V3
Rigid 21.6 17.6 35.8 12.5 0.0 88.5 136.0 0.6
Deformable 20.9 17.6 40.0 12.5 0.0 112.4 132.4 0.6
Dif. (%) 3.2 0.0 -11.8 0.0 – -27.0 2.6 0.0
Table 8.5 shows the critical pavement responses for a load of 35.6 kN and a tire inflation
pressure of 758 kPa. As for the effect of tire inflation pressure, the largest differences were
observed on the maximum vertical strain in the AC and the maximum shear strain 50-mm
deep in the pavement structure. However, when decreasing the load from 44.4 kN to 35.6 kN,
ε23,50mm was larger for the rigid surface assumption than for deformable pavement. The case
with the highest temperatures and lowest speed provided the largest difference in vertical
strain and shear strain in the AC: 9.9 and 41.9%, respectively. The difference decreased as
the stiffness of the AC layer was higher (i.e., lower temperature and higher speed) becoming
4.8% for ε23,50mm and 22.4% for ε22,ac.
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Table 8.5: Pavement Responses for Thick Pavement, 36.5 kN, and 758 kPa
ε11,ac ε33,ac ε23,50mm ε23,bs ε23,sg ε22,ac ε22,bs ε22,sg
T1V1
Rigid 10.1 9.3 7.6 1.9 8.9 12.7 14.7 32.3
Deformable 10.3 9.7 7.1 1.9 8.9 16.1 14.8 32.4
Dif. (%) -2.0 -4.3 6.3 0.0 0.0 -26.8 -0.7 -0.3
T1V3
Rigid 8.2 6.6 7.7 5.6 0.0 15.2 50.1 0.7
Deformable 8.4 7.0 7.3 5.8 0.0 18.6 50.8 0.8
Dif. (%) -2.4 -6.1 4.8 -3.6 – -22.4 -1.4 -14.3
T3V1
Rigid 40.3 41.5 47.1 12.0 24.9 105.7 55.4 90.9
Deformable 41.1 43.6 42.4 12.4 25.1 150.0 50.2 91.8
Dif. (%) -2.0 -5.1 9.9 -3.3 -0.8 -41.9 9.4 -1.0
T3V3
Rigid 18.0 14.8 27.6 10.5 0.0 69.1 113.3 0.5
Deformable 18.5 16.1 25.6 11.3 0.0 86.0 116.4 0.5
Dif. (%) -2.8 -8.8 7.1 -7.6 – -24.5 -2.7 0.0
As previously discussed, considering pavement flexibility in the calculation of contact
stresses greatly increases transverse contact stresses and to a lesser degree the distribution
of vertical contact stresses (note that the resultant from the vertical contact stresses was
unmodified). Previous studies have demonstrated that the effect of in-plane contact stresses
was localized on the regions close to pavement surface [12, 15], which agrees with the result
presented in Tables 8.2 through 8.5. In addition, after changing the tire inflation pressure
to a lower value, the tire-pavement contact area increased with respect to the rigid surface
calculation, which translated into modification in the shear strain close to the surface.
8.6 Rolling Resistance
8.6.1 Rolling Resistance Force
Figure 8.5 shows the reaction force in the traveling direction at the tire’s axis, or rolling
resistance force (RRf ), for the four combinations of speed and temperature. Four scenarios
were studied: thick and thin pavement subjected to the highest load and tire inflation
pressure (Thick S3P3 and Thin S3P3, respectively); thick pavement at the highest load
and lowest inflation pressure (Thick S1P3); and thick pavement at the lowest load and
highest tire inflation pressure (Thick S3P2).
If the pavement and loading condition were fixed, the highest RRf was observed for
the case T3V 1, which represented the most compliant pavement structure. In addition,
temperature was more relevant than traveling speed when analyzing the rolling resistance
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Figure 8.5: Rolling resistance force.
force. Regarding pavement type, no difference was observed between thin and thick pavement
as long as the temperature was low, regardless the value of V . In other words, the pavement
type is irrelevant for RRf as long as the AC layer is sufficiently stiff. On the other hand, when
the temperature was high, thin pavement presented higher rolling resistance force than thick
pavement, and the difference was higher for the low speed. The effect of loading condition
was analyzed for thick pavement only. RRf force decreased as load decreased and increased
as tire inflation pressure diminished. It was noticed that reducing tire inflation pressure was
of greater significance than decreasing the load when analyzing the rolling resistance force.
It should be noted that the previous remarks are based on a limited analysis matrix, where
thin and thick pavement are compared for only one combination of tire inflation pressure
and load.
8.6.2 Structure-Induced Rolling Resistance
Dissipation- and deflection-induced approaches have been used to calculate the contribution
of pavement structure to rolling resistance [i.e., structure-induced rolling resistance (SRR)],
and by extension to fuel consumption and greenhouse gas emissions. The dissipation-based
SRR (SRRdis) results from dividing the energy dissipated by the viscoelastic AC layer by the
traveled distance [102]. On the other hand, the deflection-based SRR (SRRdef ) is obtained
by dividing the power of the stresses/forces applied by the tire by the speed [92]. Using
analytical procedures, both methods proved equivalent [103].
Model III was used to numerically verify the described equivalency. The external work
performed by the reaction forces while the tire traverses the central 1000 mm was calculated
as the area enclosed by the load-deflection curve in each direction (Wx,Wy, andWz along the
x, y, and z direction, respectively). Variation of the total external work (W = Wx+Wy+Wz)
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with time for both pavements, speeds, and temperatures is shown in Figure 8.6. For the low
temperature, almost all the work was recovered after the tires passed the studied surface
section and the slope was almost zero (i.e., no dissipation). For high temperature, the
slope in the W -vs-t plot was computed; when divided by the speed, the slope provided the
deflection-induced rolling resistance (SRRdef ).
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Figure 8.6: Total external work by the contact forces.
Table 8.6 compares SRRdis and SRRdef . In addition, for the deflection-induced SRR, the
effect of the in-plane contact forces was determined by comparing SRRdef using the total
external work and the work performed by the vertical forces only. The highest difference
between SRRdis and SRRdef was 1.62% for the thin pavement subjected to the highest
temperature and speed, proving excellent agreement between the deflection- and dissipation-
based SRR. This agreement was not observed when comparing SRRdis and SRRdef in the
full pavement model (Model II). In addition, a minimal influence of the in-plane contact
forces was observed, as the highest difference between considering or not the contact forces
in the x and y directions was 1.8% for the thick pavement when V=115 km/h and T=113◦C.
As part of the deflection-induced SRR, it has been affirmed that the tire is always moving
uphill. For the linear elastic case, the tire would be at the bottom of the surface deflection,
and the SRR would be higher as the difference between the point of maximum deflection
and the location of the resultant of the vertical forces is higher. This statement was verified
based on the results of Model III.
For a fixed time, the deflections along each of the 31 paths across the traffic direction
were obtained, and the location of the paths’ maximum deflection (xmax) was calculated. In
addition, the reaction force in the vertical direction (Fz) at all the nodes for the same instant
of time was also obtained. The resulting variation of Fz along the x coordinate was used to
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Table 8.6: Comparison between Dissipation- and Deflection-Induced SRR
Case Slope SRRdis SRRdef Dif
(N.mm/s) (N) (N) (%)
Total Vert. Total Vert. Total Vert.
Thick S3P3T3V 1 14447 14312 6.570 6.501 6.440 1.05 1.98
Thick S3P3T3V 3 38182 37518 1.202 1.195 1.174 0.58 2.31
Thin S3P3T3V 1 49584 49380 22.323 22.313 22.221 0.05 0.46
Thin S3P3T3V 3 102304 101435 3.255 3.203 3.175 1.62 2.46
Thick S3P2T3V 1 10346 10300 4.669 4.656 4.635 0.29 0.73
Thick S3P2T3V 3 28954 28679 0.914 0.906 0.898 0.83 1.77
Thick S1P3T3V 1 12419 12092 5.548 5.589 5.441 -0.73 1.92
Thick S1P3T3V 3 31668 30457 0.964 0.991 0.953 -2.81 1.13
calculate the location of the resultant along each path. Figure 8.7 presents the location of
the maximum deflection and the vertical reaction force resultant at a fixed time and various
temperatures and speeds. A clear trend is observed: as the degree of compliance of the AC
increased, the average separation between xmax and Fz increased. For instance, for the thin
pavement case, the least viscoelastic case (i.e., T1V 3=fastest speed and lowest temperature)
showed both locations almost coincidental. After decreasing the speed to V 1, xmax became
9.5 mm. On the other hand, when the temperature and speed were the highest, the average
distance between the maximum deflection and the resultant was 18.4 mm. Finally, the
largest average separation between xmax and the resultant of Fx was observed for the most
compliant case (i.e., T3V 1=highest temperature and lowest speed) and its magnitude was
39.8 mm.
8.7 Summary
Semi-decoupled tire-pavement interaction modeling approach was introduced by using three
FE models in a four-step procedure. The three models are: i) hyperelastic tire in contact
with a rigid surface; ii) a three-dimensional pavement model; and iii) hyperelastic tire rolling
on a deformable viscoelastic body. In the four-step procedure, the contact stresses of the tire
interacting with a rigid surface were used as input in the pavement model. After applying
dynamic analysis of the pavement subjected to moving load, boundary conditions were
obtained for the tire rolling on a viscoelastic deformable body. Finally, contact stresses from
the interaction between deformable tire and pavement were used as input in the pavement
model. The tire model was validated with measured contact area, tire deflection, and vertical
contact stresses, and the pavement model has been successfully compared with measurements
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Figure 8.7: Location of the resultant in the vertical direction and point of maximum deflec-
tion for thin pavement.
from instrumentation.
The flexibility of the surface contacted by the tire mainly affected the transverse contact
stresses and to a lesser degree the distribution of the vertical contact stresses. Regarding
critical pavement responses, the maximum vertical strain in the AC layer was the most
affected when comparing pavement responses assuming rigid or deformable body. Further-
more, vertical shear strain in the AC was modified after changing the loading condition.
Rolling resistance analysis was based on the tire rolling of a viscoelastic deformable body.
The rolling resistance force was higher for thin pavement and was more affected by AC tem-
perature than by tire speed. In addition, a change in tire inflation pressure from 758 to 552
kPa caused higher change in the rolling resistance force than modifying the load from 44.4
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to 35.6 kN. Deflection approach showed that the influence of in-plane contact stresses on
SRR is negligible. Finally, deflection and dissipation approaches provided excellent agree-
ment when calculating pavement contribution to rolling resistance. However, the agreement
vanished when the two approaches were applied to the full pavement model. Addressing this
issue is a recommendations for future work.
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CHAPTER 9
FINDINGS, CONCLUSIONS, AND
RECOMMENDATIONS FOR FUTURE WORK
A semi-coupled, deformable-deformable tire-pavement model was used to study critical pave-
ment responses and rolling resistance force. A significant effort was placed in the develop-
ment the tire model. First, 3-D contact stresses/forces, contact area, and tire deflection
were measured to understand the tire’s behavior under various loads and tire inflation pres-
sures and to provide data for validating the tire model. Second, detailed information for
developing the tire model were collected: tire geometry, distribution of rubber materials
in the cross section, location and dimensions of tire reinforcement, material characteriza-
tion of reinforcement (linear elastic) and rubber (hyperelastic and visco-hyperelastic). And
third, a model of a tire contacting a rigid surface was created. Two assumptions for rubber
were used: i) hyperelastic, where the effect of applied load, tire inflation pressure, speed,
and rolling conditions on 3-D contact stresses was studied; and ii) visco-hyperelastic, where
only the free-rolling conditions was considered, and more focus was given to the influence of
temperature and speed on rolling resistance force and 3-D contact stresses.
The restriction of rigid surface was released to combine the hyperelastic tire and the pave-
ment model. The pavement was simplified as an elastically restrained deformable body with
support conditions obtained from a 3-D pavement model. Linear elastic and linear viscoelas-
tic material were assumed for the deformable pavement. This semi-coupled approach allowed
the computation of 3-D contact stresses, critical pavement responses, and rolling resistance
force for typical thin and thick pavement and various stiffnesses of the AC layer (i.e., elastic
modulus in the case of elastic deformable body, and AC temperature and tire speed in the
case of viscoelastic deformable body).
9.1 Findings
The main findings of this dissertation are grouped in three categories and summarized as
follows:
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Experimental Measurements of Tire-Pavement Contact Stresses
• The maximum vertical contact stress for NG-WBT is higher than that for DTA. The
difference increased as the load increased, and it was caused by the tendency of NG-
WBT to carry more load at its edges than the DTA as the load augmented. When
both tires are subjected to high load magnitudes (79.9 and 62.1 kN), the relevancy of
the sidewalls as a load transfer element becomes higher. NG-WBT consist of two walls
(vs. four in the case of DTA), indicating that the share of the applied load carried by
the sidewalls has to be greater when compared with DTA.
• Regarding the in-plane contact stresses, the maximum transverse contact stresses are
as high as 40% maximum vertical ones for both tires. At the highest load, the ratio can
reach 50% for DTA. The upper boundary of maximum longitudinal contact stresses was
40% for NG-WBT and 35% for DTA (percent of maximum vertical contact stresses).
• NG-WBT and DTA have different load transfer mechanisms. Contact area of DTA
varied between equality and 30% higher than the value for NG-WBT. On the other
hand, the maximum and average contact length was 35% and 8% smaller for DTA
than for NG-WBT, respectively.
• Experimental measurements of contact forces per unit length in the vertical and trans-
verse direction can be fitted to analytical expressions that depend on applied and tire
inflation pressure. However, the regression coefficient different for each tire and rib.
Tire Contacting a Rigid Surface
• The main effect of various rolling conditions (i.e., free rolling, braking, and traction)
was observed on the longitudinal contact stresses. Considering free rolling as the
baseline condition, braking caused the contact stresses at the rare part of the tire to
increase its magnitude until they reach the limit imposed by friction. For traction,
the longitudinal contact stresses on the rare portion of the tire change their sign from
positive to negative and then, as in the case of braking, attained the maximum possible
magnitude establish by friction.
• The severity of a rolling condition cannot be assessed based on the peak values of
longitudinal contact stresses only; their variation along the contact length must be
analyzed. As braking and traction become more severe, the main change in the lon-
gitudinal contact stresses is seen on the amount of contact points reaching the limit
created by friction instead of higher peak values.
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• The shape and magnitude of vertical contact stresses are not greatly affected by rolling
condition, temperature, or speed. However, speed causes a small shift of the location
of the maximum vertical contact stresses in the traveling direction and temperature
created a small diminution of its magnitude.
• Longitudinal contact stresses at free rolling are the most affected by temperature and
traveling speed when considering tire as visco-hyperelastic. Speed increases peak lon-
gitudinal contact stresses up to 17%, while temperature decreases this peak value up
to 33%.
• Temperature and speed slightly affect contact area and tire deflection. The highest
diminution of contact area caused by traveling speed was 3.8%, and the largest in-
crement created by temperature is 6.5%. The effect of temperature on tire deflection
and speed is higher than the one of traveling speed. In addition, contact area and tire
deflection can be successfully predicted by mathematical expressions function of load,
tire inflation pressure, speed, and temperature.
• In addition to vertical contact stresses for any combination of load, tire inflation pres-
sure and loading condition, longitudinal ones under full braking or traction can be
successfully fitted to the analytical expression.
• The energy dissipated by the tire can be characterized using the reaction force in the
traveling direction at the tire’s axis because the product of the applied load, the tire
deflection, and width of the contact patch divided by the contact area is almost con-
stant. Consequently, the relationship between rolling resistance force and the applied
load is close to linear.
• Temperature and load have the largest influence on tires contribution to rolling re-
sistance. The contribution can be fitted to a modified version of an existing ASTM
equation, including a term inversely proportional to the square root of temperature.
• Subtread and sidewall were the main contributors to the total internal energy of the
tire for the range of loads, tire inflation pressures, speeds, and temperatures considered.
The share of the subtread varied between 40 and 70%, while the one of the sidewall
ranged between 25 and 50%, approximately.
Semi-coupled Deformable-Deformable Tire-Pavement Model
• When simplifying pavement as an elastically supported elastic body, pavement stiffness
has a small influence on contact area and tire deflections (around 3%).
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• Changing the elastic modulus of the deformable body does not affect the percentage
contribution of tire components to the tire’s internal energy. However, the magnitude
of the internal energy of each tire component changed approximately 5% between the
extreme values of elastic moduli.
• Pavement stiffness is more relevant for longitudinal contact stresses, followed by trans-
verse and then vertical contact stresses. This is mainly due to the relevance of relative
displacement between contact points at the tire-pavement interface on the in-plane
contact stresses.
• There are changes in rolling resistance even when the tire and the pavement are elas-
tic because the loading and unloading path are different due to the unsymmetrical
distribution of vertical contact stresses
• The change in rolling resistance force and frictional dissipation caused by elastic mod-
ulus is around 5% and 9%, respectively. It is noted that these values are obtained even
though the tire and the pavement were elastic (no dissipation).
• Comparing the 3-D contact stresses when the tire is contacting a rigid or a deformable
body, the largest difference is observed in the transverse contact stresses. Shape and
magnitude of transverse contact stresses are affected between the two assumptions.
However, once the contacted body is deformable, small changes in the magnitude of
the 3-D contact stresses were seen.
• The dissipation- and deflection-based approach for calculating pavement contribution
to rolling resistance provides good agreement when the pavement is simplified as an
elastically supported deformable viscoelastic body. However, when the two approaches
are compared using the full pavement model, the agreement is no longer observed.
• Maximum vertical strain and vertical shear strain in the AC layer are the most af-
fected responses after including the flexibility of the pavement in the calculation. The
difference can be as high as 33% depending on the pavement type, loading condition,
pavement temperature, and tire speed.
• Rolling resistance force is higher for thin pavements, and it is more affected by the
temperature in the AC than the tire speed under the same loading condition. On the
other hand, when the loading condition changes, the tire inflation pressure creates more
change on the rolling resistance for than applied load. This is based on a comparison
between medium and high applied load (35.6 and 44.4 kN) and between low and high
tire inflation pressures (552 and 758 kPa).
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9.2 Conclusions
The conclusions of this study are summarized as follows:
• Measurement of 3-D tire-pavement contact stresses has paramount importance in the
analysis of tire-pavement interaction and calculation of pavement responses. Experi-
mental contact stresses not only improve the quality of pavement models input, but
also validate tire models, which ease the prediction of contact stresses in scenarios
unfeasible to test in the laboratory.
• Prediction of tire-pavement contact stresses requires the consideration of accurate tire
geometry, appropriate material characterization of tire and pavement, pavement de-
formability, and operating conditions (i.e. speed, temperature, and rolling conditions)
• Near-surface critical pavement responses are the most susceptible to the details of the
3-D distribution of tire-pavement contact stresses. Consequently, variables affecting
significantly longitudinal and transverse contact stresses (e.g., rolling condition and
pavement stiffness) can influence distresses such as near-surface cracking and rutting
in the AC layer.
• Coupling tire and pavement is important for improving the accuracy of the parameters
utilized in the pavement use phase of the life-cycle assessment.
• Rigid surface assumption when modeling tire behavior is appropriate for predicting
vertical contact stresses and baseline rolling resistance; however, surface deformability
must be considered for accurate estimation of near-surface pavement responses and
rolling resistance.
• Contact area, tire deflection, contact length, and contact stresses under certain con-
ditions can be fitted to mathematical expression. Closed-form formulas developed
for predicting tire-pavement contact variables facilitate the use of experimental mea-
surements and have potential application in the development of analytical procedures
for calculating pavement responses. In addition, the development of contact stresses
databases can be simplified by having mathematical expressions.
9.3 Recommendations for Future Work
The study of tire-pavement interaction, assuming that both bodies are deformable, opens
multiple research opportunities for the study of both, pavement analysis and the use phase
in the lice-cycle assessment of road infrastructure. The following are potential topics for
future research:
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• Various rolling conditions (braking and traction) can be added to the visco-hyperelastic
tire, so the effect of tire temperature and speed on the 3-D contact stresses can be quan-
tified. For free rolling, an iterative procedure was used where the arbitrary Lagrangian-
Eulerian analysis was performed at various angular speeds until the driving torque was
close to zero. The free-rolling frequencies can be used to define various slip ratios at
braking and traction and add the effect of rolling condition to the study of 3-D contact
stresses of visco-hyperelastic tire.
• The semi-coupled approach to integrate tire and pavement assumed the tire as hy-
perelastic. If the tire is assumed visco-hyperelastic, the effect of tire temperature on
rolling resistance and critical pavement responses can be assessed. This improvement
will make possible the segregation of the contribution of tire and pavement to the total
rolling resistance. In addition, the heat exchange between the tire and the pavement
can be included when viscoelasticity is assumed for both bodies.
• A fully coupled tire-pavement FE analysis was not performed due to the lack of com-
putational power. The fully coupled model will avoid the computation of the elastic
support constants and the 3-D contact stresses. Furthermore, it will improve accuracy
of the results.
• The deflection- and dissipation-based approaches for the quantification of pavement
structure contribution to rolling resistance were proved to be different when the full
pavement model was considered. This mismatch might be attributed to several factors
such as damping in the pavement layers, interaction model between pavement layers,
type of analysis performed (dynamic or quasi-static), model size, boundary conditions,
among others. Further study of each of these factors should be performed to explain
the mentioned mismatch.
• All analyzes performed in this dissertation considered the body contacted by the tire
as flat. Considering lack of uniformity on the pavement surface (i.e., unevenness,
roughness, etc.) can alter contact stresses and rolling resistance, even if the pavement
is assumed infinitely rigid or deformable. This approach will also provide dynamic
tire-pavement loading
• The effect of pavement flexibility on pavement behavior was based on critical pavement
responses. These responses mainly correspond to strains evaluated at specific points
of the pavement structure. Improved comparison can be obtained by considering the
3-D stresses state by using the mean stress and the octahedral shear stresses.
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